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Abstract
W
ith the prospects of realizing electronic circuitry and machinery consisting
of a single-molecule, the control of the molecular characteristics down to
the atomic level is essential. In this thesis, fundamental investigations of
structures, electronic properties and diffusion of molecules on surfaces are presented.
The experiments are performed by means of scanning tunneling microscopy (STM)
and atomic force microscopy (AFM) at low temperature in ultra-high vacuum. The
control of elaborated structures is achieved by studying on-surface chemical reactions
and spray-deposited molecules by high-resolution AFM imaging with CO terminated
tips. To mimic a p-n junction, a donor-acceptor (DA) molecule on a thin insulating
film is probed to disentangle its structure, electronic states and charge redistribution.
Interestingly, the DA character of the molecule is altered at specific atomic positions,
and thus controlled by inducing a change of the adsorption site by tip manipulation.
This consists of an example of a molecular switch. In this line, tip manipulation ex-
periments are pushed forward during the NanoCar Race by steering a single molecule
over the surface using tunneling electrons. The results of this thesis demonstrate the
impact of the molecular design on electronic and adhesion properties influencing the
performance of such molecular systems.
Keywords: molecular electronics, molecular machines, scanning tunneling microscopy,
atomic force microscopy, force spectroscopy, molecules, donor-acceptor molecules, tip
manipulation
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Zusammenfassung
U
m elektronische Schaltungen und Maschinen aus nur einem Moleku¨l zu real-
isieren, ist die Kontrolle molekularer Eigenschaften bis zu einem atomaren
Niveau essenziell. In dieser Dissertation werden grundlegende Untersuchungen
der Strukturen und elektronischen Eigenschaften von Moleku¨len auf Oberfla¨chen sowie
deren Diffusion vorgestellt. Die Experimente werden mithilfe der Rastertunnel- (STM)
und Rasterkraftmikroskopie (AFM) im Ultrahochvakuum bei tiefen Temperaturen
durchgefu¨hrt. Aufwendige Strukturen ko¨nnen durch chemische Oberfla¨chenreaktionen
oder aufgespru¨hte Moleku¨le gezielt erzeugt und mit hochauflo¨senden AFM-Messungen
mit CO-Spitzen untersucht werden. Um einen p-n-U¨bergang zu imitieren, wird ein
Donor-Akzeptor (DA)-Moleku¨l auf einem du¨nnen Isolatorfilm positioniert, sodass seine
Struktur, elektronischen Eigenschafen und Ladungsumverteilung entflochten werden.
Interessanterweise wird der DA-Charakter des Moleku¨ls auf bestimmten atomaren Po-
sitionen vera¨ndert und durch einen herbeigefu¨hrten Wechsel der Adsorptionsposition
mit Spitzen-Manipulation kontrolliert. Somit handelt es sich um ein Beispiel fu¨r einen
molekularen Schalter. Beim NanoCar Race werden Spitzen-Manipulationen weiter-
entwickelt, indem ein einzelnes Moleku¨l mit Tunnelelektronen u¨ber eine Oberfla¨che
gesteuert wird. Die Ergebnisse dieser Dissertation heben den Einfluss des moleku-
laren Designs auf elektronische und adha¨sive Eigenschaften hervor, welche die Leis-
tungsfa¨higkeit der erwa¨hnten molekularen Systeme pra¨gen.
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Introduction
In 1974, Aviram and Ratner theoretically proposed a molecule with properties that
mimic a p-n junction. [1] Such a molecular p-n junction consists of a molecule with
an electron donor moiety and an electron acceptor moiety connected by a σ-bridge as
depcited in Fig. 1.0. Due to the donor-acceptor character of the molecular moieties,
such a single molecule could rectify currents or create currents by absorbing light.
Thus, the molecule acts as a diode which pushes the limits of miniaturization to the
nanometer scale. By following this approach and testing single molecules as nanometer
sized components for electric circuits, the field of molecular electronics was formed.
To build electric circuits, molecules have to be adsorbed on surfaces to control the
molecular alignment. However, on surfaces, the electronic properties can be altered
by interaction with the substrate. Since exactly these properties are essential for the
functionality of molecular electronics, physical and chemical understanding is required
to adapt the electronic properties of the molecule relative to the substrate, or, to pro-
tect the properties from the influence of the substrate. An experimental level might be
reached, where electronic properties of molecules are intentionally controlled by manip-
ulating their adsorption sites or their coupling to single atoms. Hence, measurements
with high spatial resolution on the atomic level in combination with the quantification
of local charge distributions and electronic states are needed to realise prospects in
S
S
S
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NC CN
donor acceptorσ-part
Fig. 1.0: Molecular p-n junction as proposed by Aviram and Ratner [1]
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molecular electronics.
In 1981, a breaktrough in measurement technique was achieved by the invention of
scanning tunneling microscopy (STM) [2,3] which was awarded with the Nobel Prize in
Physics in 1986. STM allows to measure the tunneling current between tip and surface
with atomic precision. In 1986, atomic force microscopy (AFM) [4] was further devel-
opped which permits to quantify forces at the atomic scale. Consequently, structures
and properties of molecules, atoms and surfaces could be imaged at the nanoscale. In-
terestingly, the tip can also be used to controllably displace single molecules or atoms
on a surface as shown 1993 in a famous experiment. A so-called quantum corral was
built by individually arranging single atoms to a circle on a metal surface by using a
STM tip. [5] The obtained corral is a barrier for surface electrons which leads to their
scattering and the appearance of standing waves demonstrating quantum confinement.
In 2004, the control of charge states in single atoms was demonstrated using STM. [6]
In 2005, the spatial distribution of molecular orbitals was imaged by STM. [7] In 2009,
the chemical structure of a single molecule was revealed atom-by-atom using AFM. [8]
Furthermore, the charge state of a single atom was determined by measuring the elec-
trostatic forces between tip and atom in AFM. [9] In 2012, using the same technique,
the charge distribution within a single molecule was uncovered. [10] Consequently,
molecules similar to the proposed molecular p-n junction from Aviram and Ratner can
be investigated at the nanoscale.
Molecules mimicking organic machines which perform tasks such as molecular switch-
es [11, 12] or skeletal muscle [13] have already been synthesized and operated in solu-
tions. In 2016, the design and synthesis of molecular machinery was awarded with the
Nobel Prize in Chemistry. Molecular machines are rarely operated on surfaces [14,15]
since adsorption of molecules on surfaces leads to spatial confinement due to molecule-
surface interactions. [16] Adhesion occurs between molecule and surface which compli-
cates movements and increases friction. Thus, the mechanics of the molecular machines
working in solutions might be hindered on surfaces. The influence of the surface on
single molecules and tip-induced controlling mechanisms of molecular displacements
could be studied by STM and AFM.
In the first chapter of this thesis, the basic concepts of STM and AFM techniques
to image single atoms and molecules with atomic resolution are explained (Ch. 1).
The technical prerequisites allowing single atom and molecule investigations, such as
sample preparation in UHV conditions are discussed in the second chapter (Ch. 2). In
Chapter 3, the capabilities of STM and AFM to atomically resolve structures and to
characterize electronic and chemical properties are demonstrated. Examples are pre-
sented which show the controlled bond formation by on-surface chemical reactions and
the formation of quantum states in one dimensional chains of single atoms. In Chap-
ter 4, mechanisms for electrically propelling a molecular vehicle on a surface by a STM
tip are presented which allow actuation and steering with high reliability. Electron
donor-acceptor properties of a single molecule, similar to the molecular p-n junction
as proposed by Aviram and Ratner, are studied on a surface (Ch. 5). The charge
distribution and electronic states are characterized by combined STM and AFM mea-
surements showing the influence of a single surface atom on the molecular properties.
2
Single atoms adsorbed on the surface can be attached to molecular binding sites by tip
manipulation which demonstrates the controlled complex formation between a single
donor-acceptor molecule and an atom. In a tentative experiment using sample illu-
mination, the property of donor-acceptor molecules to transfer charges upon photon
absorption is investigated. Additionally, the complex chemical structure of another
donor-acceptor molecule which is used as dye in organic solar cells is imaged with
atomic resolution.
3

1
Physical bases of STM and AFM
Quantum mechanics revolutionized the physical understanding of processes at the
scale of atoms. New phenomena were described such as the quantized emitted en-
ergy of black bodies (Planck 1901) [17], quantization of light in the photoelectric effect
(Einstein 1905) [18], quantized energy states of atoms (Bohr 1913) [19, 20], wave-
particle duality (De Broglie 1924) [21], spins (Stern, Gerlach 1922) [22–24], the uncer-
tainty principle (Heisenberg 1927) [25] and the tunneling effect (Hund, Gamow 1927,
1928) [26–28]. In 1981, Binnig, Rohrer and Gerber measured the current caused by the
tunneling effect between two electrodes: a tiny metallic tip and a sample surface. [2]
This experiment lead to the invention of scanning tunneling microscopy (STM: abbre-
viation for scanning tunneling microscopy or scanning tunneling microscope) because
of the high vertical and lateral resolution explained by the exponential distance depen-
dence of the tunneling current. [3] To investigate insulator surfaces at the atomic scale,
a STM tip was mounted on a cantilever beam in order to measure small deflections
coming from forces between atoms of the cantilever’s tip and the sample. Thus, in
1986, Binnig, Quate and Gerber had built the first atomic force microscope (AFM:
abbreviation for atomic force microscopy or atomic force microscope) [4] which was
awarded with the Kavli Prize in 2016.
The microscope, used in this thesis, has the capability to apply both methods si-
multanously by using a tuning fork sensor [29–31], which consists of two prongs and
a tip mounted to one of the prongs (Fig. 1.1). The tuning fork is oscillated at its
eigenfrequency. Due to tip-sample interactions, a frequency shift occurs which can be
read out for AFM operation. Furthermore, the metallic tip of the tuning fork allows
to measure the tunneling current by applying a bias voltage between tip and sample
enabling STM. The tip is scanned over the sample and records line by line a STM
or AFM image. Additionally, scanning tunneling spectroscopy (STS) or force spec-
troscopy can be performed to probe local properties. The underlying physical bases
of STM and AFM imaging, tunneling and force spectroscopy as well as the special
features of tuning fork based AFM are explained in the following.
5
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Δf
A It
Vb
AFM STM
Fig. 1.1: Schematic setup of a scanning probe microscope with a tuning fork
sensor. A voltage is applied between tip and sample. The STM measures the current
occurring because of the quantum tunneling effect. For the AFM, the tip oscillates at its
eigenfrequency and the frequency shift ∆f due to tip sample interactions is measured.
1.1 Scanning Tunneling Microscopy
1.1.1 Historical background
After the invention of the STM by Binnig, Rohrer and Gerber in 1981 [2], atomic
resolution was achieved on the structure of the Si(111)-(7x7) surface [32], of cleaved
GaAs(110) [33], and of Ge(111) layers [34]. Charge-density waves could be stud-
ied [35] and atomic scale manipulations in real space were performed [36]. Later,
single adatoms were laterally manipulated by a STM tip [37]. Crommie et al. cre-
ated a quantum corral and studied the confinement of the electron gas as well as the
standing waves in nearly free electron gas of noble metals. [5,38] Furthermore, decou-
pling adatoms and molecules from metallic substrates by using thin NaCl layers was
an important step which allowed to charge single adatoms [6] and image molecular
orbitals [7]. On this basis, STM became an indispensable tool in surface science.
1.1.2 Physical basis of STM
STM is based on the quantum mechanical tunneling effect which states that an electron
has a low probability to tunnel through a potential barrier that separates two electrodes
(Fig. 1.2). One electrode is the STM tip with a work function Φtip, the other is the
sample surface with a work function Φs which is separated by a vacuum gap of the width
z. By approaching the tip and by applying a bias voltage Vb between tip and sample, a
tunneling current It flows. Binnig, Rohrer and Gerber measured the tunneling current
by approaching a piezo-controlled tip to the proximity of a surface which established
6
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Fig. 1.2: Tunneling barrier in a STM. Because of the quantum tunneling effect an
electron has a low probability to tunnel through a barrier (vacuum) if the tip-sample
distance z is small enough and a bias voltage Vb is applied.
a controllable tunneling gap. [3] The tip-sample distance is controlled via a feedback
loop which is set to keep the tunneling current constant. The distance adjustment of
the tip is recorded and generates the topographic image of the surface reflecting the
constant current isosurface. Another operation mode is to scan at constant tip height
to map the tunneling current varying with the sample corrugation. Since STM relies
on the flow of a current, the sample surface has to be electrically conductive.
The tunneling current between two electrodes in first order following Bardeen’s for-
malism [39] is expressed by
It =
2πe
~
∑
µ,ν
f(Eν) [1− f(Eµ + eVb)] |Mµν |2δ(Eµ − Eν) (1.1)
where E is the energy, e is the elementary charge, f(E) is the Fermi function, ~ is the
reduced Planck constant, andMµν describes the tunneling matrix element between the
state Ψµ of the tip and Ψν of the sample. Eµ and Eν are the corresponding energies
of the states of tip and sample, respectively. [40, 41]
Assuming small voltages and and absolute zero temperature, the tunneling current
becomes
It =
2π
~
e2Vb
∑
µ,ν
|Mµν |2δ(Eµ − EF )δ(Eν − EF ). (1.2)
where EF is the Fermi energy.
The tunneling matrix element can be expressed as an integral over any surface which
is entirely in the vacuum gap between tip and sample [39, 40]
Mµν =
~2
2m
∫
dS · (Ψ∗µ∇Ψν −Ψν∇Ψ∗µ) (1.3)
7
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where dS is the surface element and (Ψ∗µ∇Ψν − Ψν∇Ψ∗µ) is the current operator de-
scribing the probability of current flow in quantum mechanics.
At this step, the tip geometry has to be considered. In an ideal case, the tip can
be described as a single point probe with localized wave functions and placed at the
position rtip. The tunneling matrix element is then only proportional to the probability
amplitude of the sample’s wave function Ψν which results in the expression for the
tunneling current of
It ∝
∑
ν
|Ψν(rtip)|2δ(Eν − EF ) = ρ(rtip, EF ). (1.4)
ρ(rtip, EF ) is the local density of states (LDOS) of the surface at the Fermi energy
EF . Hence, the tunneling current measured in STM is proportional to the LDOS of
the surface at the position of the tip. A STM image at constant current corresponds to
a contour map of constant LDOS of the investigated sample surface which highlights
that the STM can probe the electronic states of a sample. [40] By tuning the bias
voltage, different occupied and unoccupied states of the sample contribute to the tun-
neling current. This is especially used in scanning tunneling spectroscopy described in
Sec. 1.3.2.
To model the experimental results, more realistic tip shapes have to be consid-
ered. [42, 43] Tersoff and Hamann demonstrated that Eq. 1.4 holds for more realistic
tip shapes if the elements of the tunneling matrix can be described by wave functions
of a s-wave tip. [40, 42, 44, 45] By assuming a spherical tip shape with a radius of cur-
vature R at the position rtip and for simplicity, an equal work function Φ of tip and
sample, the tunneling current is
It =
32π3e2VbΦ
2ρtip(EF )R
2
~κ4
e2κR
∑
ν
|Ψν(rtip)|2δ(Eν − EF )︸ ︷︷ ︸
ρ(rtip,EF )
(1.5)
where ρtip is the density of states per unit volume of the tip, κ is the minimum inverse
decay length for the tunneling electrons, defined as
κ =
√
2mΦ
~
(1.6)
Comparison of Eq. 1.5 to Eq. 1.4 shows that the tunneling current is proportional
to the LDOS of the sample also for more realistic tip models. The amplitude of the
wave function is |Ψν(rtip)|2 ∝ e−2κ(R+z) where d is the smallest tip-sample distance,
which leads to
It ∝ e−2κz (1.7)
Thus, the tunneling current is exponentially dependent from the tip-sample distance
z which points out the high sensitivity of the STM in z-direction since the tunneling
current changes in the order of magnitudes as function of atomic distances.
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1.2 Atomic Force Microscopy
1.2.1 Historical background
After the invention of the first AFM in 1986 by Binnig, Quate and Gerber [4], AFM
measurements were further improved by oscillating the tip and using AFM in a dy-
namic mode. [30, 46–48] True atomic resolution [49] was achieved by resolving atomic
scale defects and the atomic surface lattice in the same image which demonstrated
the capability of AFM to resolve structures at the atomic scale comparable to the
STM. [50–53] Especially, insulator surfaces can be investigated by AFM since an elec-
trical conductivity is not required as for STM. [54, 55] Fluoride and oxide surfaces as
well as semiconductor surfaces were explored by means of AFM. [50, 52, 56–58] Also
on metals, the atomic surface structure was resolved as well as on thin NaCl films on
metal substrates. [59–61] Molecules can be studied on metallic and on insulating sur-
faces by AFM. [62, 63] Additionally, AFM operation was also achieved in liquid-solid
interfaces. [64,65] Moreover, AFM could prove its versatility by imaging a wide range
of samples such as DNA, proteins, viruses, and polymers. [66–69]
Equipped with the tuning fork setup [29,30], AFM allows stable measurements with
small amplitudes at low temperature (LT). Most notably, purely metallic tips can be
used which enables the controlled preparation of the tip apex and simultaneous STM
and AFM measurements. By means of tuning fork AFM at LT in ultra-high vacuum
(UHV), tips terminated with single CO molecules could be prepared and used to resolve
the chemical structure of single molecules. [8, 70]
In the following, the forces acting between tip and sample and the physical principles
of AFM, considering the special features of tuning fork setups, are discussed.
1.2.2 Force contributions
AFM is sensitive to forces which arise between the atoms of the tip and the sample. In
contrast to the tunneling current which is monotonically and exponentially increasing
by reducing the tip sample distance, the various forces acting on the tip have different
interaction regimes leading to a non-monotonic behavior (Fig. 1.3).
In vacuum there are electrostatic Felec,lr and van der Waals forces FvdW having a
long-range order and contribute in a distance range of 100 nm, contrary to chemi-
cal forces Fchem having a short-range order and acting only in the sub-nm distance
regime. [30] The electrostatic force has also short-range components Felec,sr. All to-
gether they create the total force between tip and sample, Fts, which is attractive in
the far distance and repulsive in the close distance regime:
Fts = FvdW + Felec,lr︸ ︷︷ ︸
long range
+Fchem + Felec,sr︸ ︷︷ ︸
short range
(1.8)
Thus, stable operation of an AFM using a feedback loop is more elaborated than for
STM. The total force is measured with a spring which is, most commonly, a silicon
cantilever or, as in this thesis, a quartz tuning fork (Fig. 1.1). Because of the general
9
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Fig. 1.3: Different forces acting between tip and sample in AFM. Van der
Waals FvdW and electrostatic forces Felec have long-range order whereas chemical forces
Fchem are short-range which is expressed by the Lennard-Jones-potential ULJ. The tip-
sample forces Fts are plotted as the sum of all force contributions. Plots based on
Eqs. 1.8, 1.12, 1.15 and 1.16. Plotting parameters: σ = 300 pm, AH = 1.25 eV,
R = 20nm, Ebond = 2 eV, Vb − VCPD = 0.2V.
force sensitivity AFM is not limited to conductive sample surfaces and can scan every
flat surface in principle.
Van der Waals forces Van der Waals (vdW) forces are present between all atoms.
They are caused by fluctuations of the electron density by approaching two atoms to
each other. Several contributions are attributed to vdW forces. It has to be distin-
guished between the interactions of
• permanent charges (Keesom interaction)
• a permant charge and an induced multipole in another molecule (Debye force)
• instantaneously developing multipoles (London dispersion force)
In AFM, vdW forces between tip and sample refer to London dispersion forces.
By approaching two neutral atoms A and B to a distance z, their spherical-symmetrical
electron cloud is mutually influenced which leads to the formation of an induced dipole
moment pind in both atoms, parallel to the connecting axis. Because the electric field
E ∝ 1
z3
and the potential energy of a dipole Udip(z) = −pindE , it follows that their
interaction potential is
Uattr(z) ∝ −pind,A · pind,B ∝ −αA · αB|E|2 (1.9)
∝ −αA · αB
z6
(1.10)
where αA and αB are the polarizabilities of atom A and B. Eq. 1.10 shows that the vdW
forces lead to an attractive potential Uattr between tip and sample atoms. By modelling
10
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the tip with a sphere which is interacting with a planar sample surface, Hamaker
showed that adding up the vdW forces of the contributing atoms yields [30, 71, 72]
UvdW = −AHR
6z
(1.11)
FvdW = −AHR
6z2
(1.12)
for the vdW potential and vdW force, respectively. AH is the so-called Hamaker
constant which depends on the material of tip and sample. By increasing the tip
radius R, the vdW forces are increasing. Therefore, a sharper tip leads to less long
range contributions from vdW forces and is benefitial for high resolution measurements.
Chemical forces The short-range contribution on the total tip-sample force emerges
from the chemical forces which arise when two atoms are approached in the range of
few Angstroms. [73] The front atoms of the tip temporarely form covalent bonds with
atoms of the surface leading to the so-called chemical force. The chemical interaction
can be expressed by the Morse potential
UMorse = −Ebond
(
2e−ξ(z−σ) − e−2ξ(z−σ)) (1.13)
where Ebond is the bonding energy, σ is the equilibrium distance and ξ is the de-
cay length. The Morse potential qualitatively describes the distance dependence of
chemical forces arising in the direction of the bonds. However, the directionality of
chemical bonds, especially covalent ones, leading to an angular dependence of the
bonding strength is not included in the Morse potential. [30]
Further decreasing the distance between tip and sample leads to a repulsive force
caused by Pauli repulsion and ion-ion interaction of the unshielded atomic cores. The
repulsive interaction force in the short-distance regime is empirically described by a
z−12-dependence. Combined with the z−6-term of the long-range vdW forces (Eq. 1.10),
the Lennard-Jones potential [74]
ULJ = −Ebond
(
2
(σ
z
)6
−
(σ
z
)12)
(1.14)
FLJ = −12Ebond
σ
((σ
z
)7
−
(σ
z
)13)
(1.15)
describes the interaction between two approaching atoms (Fig. 1.3).
For high resolution in AFM, it is required to sense the chemical forces which vary
with atomic dimensions. Therefore, the tip has to be approached to the close-distance
regime, where the short-range chemical forces contribute considerably to the total
tip-sample force. [30] The long-range forces are reduced by sharpening the tip which
decreases the number of interacting atoms on the tip apex. Thus, AFM provides a
local probe to test chemical interaction forces at the atomic scale. [75]
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Electrostatic forces In general, tip and sample have different electrostatic potentials
which leads to the contact potential difference (CPD) creating long-range electrostatic
forces. The CPD between tip and sample can be compensated by applying a voltage
VCPD which is used in Kelvin probe force microscopy (KPFM), explained in Sec. 1.3.1.
The system of tip and sample can be described by a charged plate capacitor whose
capacitance C(z) is distance dependent. Assuming a conductive spherical tip with
radius R and a conductive planar surface, the electrostatic force is expressed by [76]
Felec,lr(z) =
1
2
∂C
∂z
(Vb − VCPD)2 = −πǫ0 R
2
z(z +R)
(Vb − VCPD)2 (1.16)
where ǫ0 is the vacuum permittivity.
Short-range electrostatic forces arise from local charges, e.g. of ions in ionic thin films
or charge distributions in molecules. The force sensitivity of AFM, which is the topic
of the next section, allows to detect local variations of the short-range electrostatic
forces. This is used in force spectroscopy measurements (Sec. 1.3.1).
1.2.3 Physical basis of AFM
Tuning fork based AFM in UHV conditions is usually operated in the non-contact
mode. In non-contact AFM, the tuning fork is driven to oscillate with an amplitude
A perpendicular to the surface at its resonance frequency f0. The tuning fork has a
stiffness kc and is oscillating with a quality factor Q. By using an oscillating tip, the
average tip-sample distance is increased which leads to a total tip-sample force staying
in the attractive, non-contact regime. [30] Non-contact AFM can be performed with
the amplitude-modulation (AM) technique. [46] In AM-AFM the cantilever is driven
by a fixed driving amplitude and driving frequency which is slightly off the resonance.
Tip-sample interactions cause a change of amplitude and phase between driving and
detected oscillation. The amplitude is used as input for the feedback system. However,
in UHV conditions, AM-AFM is rarely operated because the high Q factors slow up the
amplitude change and consequently the whole feedback system. [30] In the tuning fork
based AFM measurements in this thesis, the frequency-modulation (FM) technique is
applied to drive the oscillation always at its eigenfrequency. [47] This is realized by a
phase-locked loop which records the frequency shift due to tip-sample interaction and
adjusts the excitation frequency by keeping a constant phase lag between the excitation
and oscillation.
By approaching the tip to the sample, the eigenfrequency of the oscillator shifts to
lower values due to attractive interaction forces leading to a more negative frequency
shift ∆f (Fig. 1.4). Approaching the tip further, repulsive forces induce a shift of the
eigenfrequency to higher frequencies resulting in a more positive ∆f . When performed
with cantilever sensors, AFM is usually conducted by recording the topography at
constant frequency shift which is controlled by the feedback loop. In tuning fork
AFM the constant-height mode is most commonly used to achieve high resolution
on atomically flat samples at low temperature with reduced thermal drift. In this
mode, the frequency shift which varies depending on the local tip-sample distance and
tip-sample interactions is recorded at a fixed absolute height.
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Fig. 1.4: Amplitude vs. frequency in AFM. Frequency shift ∆f and amplitude
change ∆A due to attractive or repulsive interaction used for the feedback of FM-AFM
or AM-AFM, respectively.
The frequency of the tuning fork’s oscillation changes due to the tip-sample forces
f = f0 +∆f (1.17)
where f0 is the eigenfrequency of the tuning fork far away from the surface. The vertical
unperturbed motion of the tuning fork can be described as an harmonic oscillator by
s(t) = A cos(2πf0t) (1.18)
Thus, the eigenfrequency of the harmonic oscillator is described by
f0 =
1
2π
√
k∗
m∗
(1.19)
where k∗ and m∗ are the effective spring constant and mass, respectively. Under the
condition that the potential is two times differentiable for the whole oscillation cycle
∂U2ts/∂z
2 = kts = const. , k
∗ is given by
k∗ = kc + kts. (1.20)
where kc is the stiffness of the tuning fork and kts is the tip-sample stiffness. [30,47,77]
Eq. 1.19 can be written as a Taylor series if kts ≪ kt which yields for ∆f
∆f =
f0
2kc
kts (1.21)
This expression points out, that, by detecting ∆f in AFM, the force gradient between
tip and sample is measured, if the assumption
kts = −∂Fts
∂z
= const. (1.22)
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is fulfilled. This is only the case for small oscillation amplitudes. In tuning fork based
AFM the oscillation amplitudes are typically ≤ 100 pm which allows this assumption
for kts.
Furthermore, Eq. 1.21 highlights that softer cantilevers (smaller kc, e.g. Si-cantilever
kc ≈ 40N/m) increase the measured frequency shift and therefore, the sensitivity
to tip-sample forces. However, a major drawback of softer cantilevers is that snap-
into-contact can occur if the attractive forces are higher than the cantilever stiffness.
Especially, at small amplitudes where the average tip-sample distance is reduced, snap-
in prevents stable measurement conditions with softer cantilevers. Tuning forks have
a high stiffness of ≈ 1800N/m which allows measurements at small amplitudes in the
close-distance regime without snap-into-contact.
For larger amplitudes, kts is not constant during one oscillation cycle and changes
by orders of magnitude due to various tip-sample forces. Consequently, a more general
expression of ∆f is needed. By means of the Hamilton-Jacobi approach, the frequency
shift ∆f is expressed as following [77–81]
∆f(z) = − f0
πkcA
∫ 1
−1
Fts(z + A(1 + u))
(
u√
1− u2
)
du (1.23)
where the substitution cos(2πf0t) = u is used. The term
(
u√
1−u2
)
determines the
contributions of various forces to ∆f in dependence of the amplitude. For large am-
plitudes, the main contribution of tip-sample interactions to the measured ∆f occurs
when the tip is at the closest point during an oscillation cycle. Due to the large ampli-
tude, the distance at the point where the tip is furthest away from the sample in one
oscillation cycle is elevated which results in negligible force contributions there. For
small amplitudes, the last term in the integral guarantees that the long-range forces are
partially eliminated if their variation is small enough during one oscillation cycle. [81]
It was shown that by decreasing the amplitude, the weight of the long-range force
contributions is reduced and the weight of the short-range forces increases. [30] Conse-
quently, various force contributions can be accessed in AFM by tuning the amplitude
in the FM-mode. To achieve atomic contrast short-range forces have to be sensed by
the tip which requires the use of small amplitudes. [30] Tuning forks permit oscilla-
tion with small amplitudes in the range of 50 to 100 pm. The possible application
of small amplitudes in combination with the high stiffness that prevents snap-into-
contact allows measurements in the close-distance regime where chemical forces arise.
Therefore, tuning fork based AFM can sense atomic scale features such as chemical
structure and bonds of molecules. [8] However, the high stiffness has also its drawback
since the sensitivity and therefore the signal-to-noise ratio is low (Eq. 1.21) compared
to Si-cantilever based AFM.
From the general formula for ∆f (Eq. 1.23) the tip-sample forces can be extracted by
mathematical inversion of the frequency shift. Several approximation methods have
been proposed for this inversion. [79, 82, 83] Sader and Jarvis developed an analyti-
cal solution to determine Fts at the closest tip-sample distance d from the measured
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∆f(z) [84]:
Fts(d) =
2kc
f0
∫ ∞
d
(
1 +
A1/2
8
√
π(z − d) −
A3/2√
2(z − d)
∂
∂z
)
∆f(z)dz (1.24)
The tip-sample surface potential Uts is yielded by integration:
Uts(d) =
2kc
f0
∫ ∞
d
(
z − d+ A
1/2
4
√
z − d
π
+
A2/3√
2(z − d)
)
∆f(z)dz (1.25)
By employing the Sader-Jarvis-method, measured ∆f(z) data can be used to calculate
the tip-sample interaction force. It is important to record ∆f(z) in a range from the
closest tip-sample distance d to a distance ∞ which is far away (≈ 5 − 10 nm) from
the surface. At the far distance regime, the tuning fork is undisturbed from short
range forces. Consequently, the long-range interaction forces which are independent
of the position on the sample can be determined and extracted from the data. In this
way, the background of vdW forces can be subtracted from the data set to obtain the
short-range interaction forces between tip and sample. [73, 75]
1.3 Spectroscopy
Spectroscopy is used to characterize the local sample properties which goes beyond
normal topographic imaging modes in STM or AFM (Fig. 1.5).
NaCl
Single Molecules
Cu(111)
3D-dataset
Tip
Fig. 1.5: Schematic representation of a 3D-spectroscopy measurement. Force
fields or differential conductance maps in three dimensions can be recorded above single
molecules. To decouple the molecules from the metal electrons, they are deposited on
thin insulating NaCl films. (Figure by courtesy of R. Pawlak. Reprinted by permission
from Springer Nature. [85])
The aim in spectroscopy is to analyse electronic states and charge distributions of
single molecules at the atomic level. Thus, intramolecular processes, the interplay
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Fig. 1.6: Different spectroscopy methods. Frequency shift and tunneling current
curves as function of the distance (∆f(z) (a), It(z) (c)) or as function of the bias
voltage (∆f(Vb) (d),
dIt
dVb
(Vb) (e)) can be recorded. Figure by courtesy of R. Pawlak.
Reprinted by permission from Springer Nature. [85]
between molecule and surface, and intermolecular interactions in assemblies are eluci-
dated. Since the total tip-sample force contains different components, it is important
to define theoretically the measured physical quantities. By acquiring spectroscopy
curves in a cubic grid over the sample, complete three-dimensional (3D) force fields
of the investigated molecules (Fig. 1.6) can be obtained which explicitly highlight the
distance and site dependence of the tip-sample forces.
Furthermore, the surface potential landscape can be extracted from the data by
mathematical conversion from the measured ∆f values (Eq. 1.25 in Sec. 1.2.3). Mole-
cules on metallic surfaces are interacting with the metal electrons leading to quenching
and hybridization which affects the molecular properties. To avoid the molecular in-
teraction with metals, the molecules are decoupled from metallic substrates by thin
insulating films, e.g. NaCl (Fig. 1.5), to probe the intrinsic molecular properties by
spectroscopy. By measuring the tunneling current as a function of tip-sample distance
or applied voltage, the sample conductivity can be accessed to determine the electronic
band gap of materials or electronic states of single molecules. The tuning fork setup
allows to investigate molecules with scanning tunneling spectroscopy and with force
spectroscopy which is explained in the following.
1.3.1 Force spectroscopy
In force spectroscopy, using FM-AFM, the frequency shift ∆f is measured and af-
terwards converted into forces following the mathematical procedure described in
Sec. 1.2.3 (Eq. 1.24). Either the distance dependence ∆f(z, Vb = const.) or the voltage
dependence ∆f(Vb, z = const) is recorded to analyse the sample.
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Fig. 1.7: Contact potential difference. Two metals with different work function
are brought together. By contacting them with a back electrode, electrons flow until the
Fermi levels are aligned. Consequently an electric field evolves between the two metals.
By applying an bias voltage Vb = VCPD this electric field is compensated and thus the
work function can be determined with VCPD.
∆f(z)-spectroscopy For ∆f(z)-spectroscopy, the tip-sample distance is varied. In
Fig. 1.6b, a typically obtained curve is shown. The ∆f(z)-curve qualitatively dis-
plays the different tip-sample force contributions which are first attractive and then
repulsive, corresponding to the theoretical total force curve as depicted in Fig. 1.3.
The background of long-range vdW forces is determined by measuring the forces at
a far tip-sample distance, typically few nm away from the surface. [86]. To explore
short-range chemical or electrostatic forces, the vdW background is subtracted from
the ∆f(z)-curves because the long-range vdW forces do not depend on the local tip
position. ∆f(z)-spectroscopy is used e.g. in single molecule manipulation or fric-
tion experiments to get information of atomic scale processes. [87, 88] Furthermore,
the structural alignment of molecules [89] or the chemical composition of surfaces on
the atomic level are investigated. [90] A more detailed overview of recent results of
∆f(z)-spectroscopy is given in Sec. 3.1.
∆f(Vb)-spectroscopy/LCPD mapping The aim in ∆f(Vb)-spectroscopy is to mea-
sure electrostatic forces. The contact potential difference between tip and sample
and local charges lead to long-range and short-range electrostatic forces, respectively
(Sec. 1.2.2).
Two metals with work functions Φ1 and Φ2, refering to tip and sample, are brought
into close vicinity (Fig. 1.7a). If they are electrically connected via a back electrode,
electrons flow from the metal with higher Fermi energy to the one with lower Fermi
energy until the Fermi levels are aligned (Fig. 1.7b). In 1898, Lord Kelvin measured
this current created by the CPD between two metallic plates which are electrically
connected. [91] By applying a voltage VCPD which is [92]
VCPD =
Φ1 − Φ2
e
(1.26)
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the current flow stops which indicates the compensation of the CPD (Fig. 1.7c).
The electrical field evolving from the CPD between tip and sample can be modelled
by the field of a charged plate capacitor (Sec. 1.2.2). For the electrostatic potential it
follows that
Uel =
1
2
C(Vb − VCPD)2 (1.27)
Consequently, the measured ∆f(Vb) curve has a parabolic shape due to (Fig. 1.6d)
∆f(Vb) ∝ ∂
2Uel
∂2z
(1.28)
∝ 1
2
∂2C
∂2z
(Vb − VCPD)2 (1.29)
To measure variations of short-range electrostatic forces and determining local charges,
spectroscopy is performed at small distances in the order of molecular dimensions. At
this distance regime, the local contact potential difference (LCPD) is measured. The
LCPD is defined as [92]
LCPD = −eV ∗ = Φt,local − Φs,local (1.30)
where Φt,local and Φs,local are the local work functions of tip and sample, respectively.
The LCPD can be determined from the measurement by fitting a parabola to the
∆f(Vb) curves and extracting the corresponding voltage and frequency shift values of
the maximum (V ∗,∆f ∗). At the maximum of the parabola the electrostatic force is
compensated and Vb = V
∗.
Measuring the LCPD can be experimentally realized in two ways:
1. by using an additional feedback loop that adjusts Vb to V
∗ during an AFM scan
(KPFM) or
2. by recording the whole ∆f(Vb) curve at constant height for a range of few volts
(LCPD mapping).
By means of tuning fork AFM, LCPD mapping is conducted with submolecular
resolution. Thus, the charge states of atoms [9], molecules [10,93,94] and vacancies in
ionic thin films [95] were determined.
LCPD mapping offers the advantage to investigate and analyze the whole ∆f(Vb)
spectrum after the measurement. Additionally, the voltage dependence of the tunneling
current It(Vb) is simultaneously recorded by using tuning fork sensors. High spatial
stability is required to perform spectroscopy on a single molecule or atom. Therefore,
drift compensation methods, position tracking and cryogenic temperatures are used.
LCPD mapping is more time-consuming than KPFM since several hundreds of spec-
troscopy curves, each with an acquisition time of few tens of seconds, are recorded for
a two-dimensional LCPD map of few nm2. This leads to a measurement time of several
hours. In KPFM, the same area could be scanned in several minutes. V ∗ is detected
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Fig. 1.8: Double barrier tunneling junction. Electrons can tunnel resonantly
through molecular orbitals if the molecule is well decoupled from the metallic substrate
by an insulating film. This principle is used in scanning tunneling spectroscopy.
simultaneously to the ∆f -signal for the topography and used to create a KPFM im-
age. [92]
KPFM is usually performed with Si-cantilever based AFM because of their higher
sensitivity due to the lower cantilever stiffness. By applying a small ac-voltage be-
tween tip and sample, the influence of the electrostatic forces on ∆f of the cantilever
oscillation can be read out by using the lock-in technique. In tuning fork based AFM,
the change of ∆f due to a small ac-voltage is under the detection limit because of the
high sensor stiffness. Therefore, KPFM is rarely used with tuning fork sensors. [96]
1.3.2 Tunneling spectroscopy
Scanning tunneling spectroscopy In scanning tunneling spectroscopy (STS) the
differential conductance dIt/dVb is recorded which is proportional to the local density
of states ρ of the sample at constant height following the Tersoff-Hamann model [40]
dIt
dVb
∝ ρ(r, EF + eVb). (1.31)
To obtain dIt/dVb, a small ac-voltage is applied between tip and sample which modu-
lates the tunneling current. By using a lock-in amplifier, the dIt/dVb signal is directly
recorded during a bias sweep (Fig. 1.6e).
By positioning the tip over a molecule which is decoupled from the metallic substrate
by a thin insulator film, the tunneling barrier described in Fig. 1.2 becomes a double-
barrier tunneling junction (Fig. 1.8). One barrier is the vacuum between tip and
molecule, the other one is the insulating film, usually with a thickness of two atomic
monolayers. The molecule has specific states. The closest to the Fermi energy EF are
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). By sweeping the bias voltage to these energies, the molecular states
are in resonance with the applied voltage which leads to a peak in the dIt/dVb signal
(Fig. 1.6e).
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Thus, electronic states of surfaces [97–99], single molecules [7, 100] and atoms [101]
can be investigated.
The described double barrier tunneling process is elastic, in contrast to inelastic
tunneling which occurs when vibration modes of molecules are excited. A part of the
electrons’ energy is transferred for the activation of phonons in molecules. This process
can be used to move adsorbates on the surface [102–104] or create images. [105]
It(z)-spectroscopy By varying the tip-sample distance, the exponential distance de-
pendence of the tunneling current is probed (Eq. 1.7). Thus, the local potential barrier
height can be extracted from the slope of the logarithmic It(z)-plot since the decay
length κ depends on the work function at the tip position (Eq. 1.6). The local poten-
tial height reveals information about the electronic alignment of a sample, e.g. of the
charge transfer between molecules and a metallic substrate. [106]
In conclusion, tuning fork based STM and AFM is capable to simultaneously measure
currents and forces at the atomic scale which is mainly due to following characteristics
of the tuning fork sensor:
1. large stiffness and small amplitudes allowing stable measurements at close dis-
tance
2. metallic tips enabling STM operation and tip preparation
3. technically simple read-out at low temperature
Atomic structures as well as electronic properties of samples can be characterized
by STM, AFM as well as current and force spectroscopy. In this thesis, all STM
images are recorded in the constant current mode. AFM measurements are exclusively
performed in the FM-mode at constant height at Vb = 0V with CO-terminated tips.
The amplitudes used are in a range of 50 to 100 pm. Point 3 of the tuning fork
characteristics and other technical requirements for STM and AFM at low temperature
with atomic resolution are discussed in the next chapter.
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Experimental setup
In this chapter, the experimental realisation of the STM and AFM is described. To
achieve stable scanning conditions, the microscope is mounted in an ultra-high vacuum
(UHV) chamber and cooled down by liquid nitrogen and helium. For highest resolu-
tion measurements, the outermost tip consists of a CO molecule. The preparation
technique to obtain a CO tip is explained as well as the experimental prerequisites to
prepare single molecules or complex molecular structures on the surface. Moreover,
the chemical structures and properties of the investigated molecules are given.
2.1 Low temperature tuning fork STM/AFM in
ultra-high vacuum
The used measurement system is an Omicron 1 LT UHV STM/AFM with tuning fork
setup (Fig. 2.1). The UHV chamber is separated in the analysis chamber and the
preparation chamber.
Analysis chamber The microscope head is placed in the analysis chamber (A cham-
ber) with a base pressure of around 10−11mbar which allows the investigation of atom-
ically clean surfaces. The microscope head consists of a piezo scanner, a tuning fork
and a sample stage (Fig. 2.2). The sample stage is thermally connected to the cryostat
which is located above the microscope head. The cryostat consists of an outer and an
inner bath. The outer is filled with liquid nitrogen (TB,N2 = 77K), the inner with liquid
helium (TB,He = 4.2K). Thus, the sample is cooled down to the operating temperature
of 4.7K, which is slightly higher than TB,He due to heat transfer. The microscope head
is suspended by springs to damp vibrations. Furthermore, an eddy current damping
system is installed. Samples are introduced in the sample stage in the microscope by
using the wobble stick (Fig. 2.1). The sample surface is facing downwards and the
tuning fork sensor approaches from the bottom. The sensor is movable in all three
dimensions whereas the sample is fixed.
1former Omicron NanoTechnology GmbH, now Scienta Omicron (www.scientaomicron.com)
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QMB
pyrometer
Fig. 2.1: Photograph of the microscope. The microscope is located in the analysis
chamber (A chamber). The cleaning of the sample and molecule deposition is done in
the preparation chamber (P chamber). The sample is transferred between A and P
chamber by the manipulator arm.
tuning fork sensor
piezo scanner
sample holder
Fig. 2.2: Photograph of the microscope head. The sample can be inserted in the
sample holder. The piezo scanner with the tuning fork sensor is approached from the
bottom to the sample surface for scanning (Photograph by courtesy of R. Pawlak).
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Fig. 2.3: qPlus sensor and tip. a, Photograph of a qPlus tuning fork sensor from
Omicron. b, wiring diagram of the tuning fork sensor. Electron microscope image of
c, the tip glued to the end of the upper prong, d, the tip before preparation and e, after
preparation with FIB.
Preparation chamber The preparation chamber (P chamber) reaches a base pressure
of 10−10mbar which allows the preparation of atomically clean surfaces. For prepara-
tion, the samples are put into the manipulator arm (Fig. 2.1) which can be displaced
in the P chamber. Samples are cleaned by bombarding the surface with Ar+ ions from
the sputter gun attached to the P chamber. To achieve flat surfaces, the samples can
be annealed by the e-beam heater in the manipulator arm. Specific molecular com-
pounds are controllably deposited by the Knudsen cell molecule evaporator connected
to the P chamber and containing three crucibles (more details about molecule depo-
sition in Sec. 2.3). The deposition rate can be checked by a quartz micro balance or
a quadrupole mass spectrometer which detects masses up to 100 u. Furthermore, a
metal evaporator is attached to the P chamber.
The transfer from the P to the A chamber and vice versa is performed by the
manipulator arm. New samples from outside can be introduced by a load lock which
is connected to the P chamber.
Tuning fork sensor The tuning fork sensor has the qPlus design [29] meaning that
one prong is fixed to the holder (Fig. 2.3a). The sensors are purchased from Omi-
cron. Tuning forks are a mass product in watch industries where they are used as
timekeeper. The prongs consist of quartz crystal (SiO2) whereas the tip is made out
of an etched tungsten wire which is glued to the electrically isolated end of one prong
(Fig. 2.3c). [107] A separated wire is mounted directly to the tip which conducts the
tunneling current to the I-V converter (Fig. 2.3b).
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Due to the piezoelectric property of the quartz material, the tuning fork is self-
sensing, i.e. the deflection signal of the oscillation can be read out without using an
optical setup as for cantilever based AFM. This principle facilitates operation at low
temperature and in limited space in UHV conditions. Due to the separated wire, the
tunneling current does not flow through the prongs of the tunning fork which reduces
capacitive cross-coupling at high tunneling currents. [108]
The tuning fork has a stiffness of around 1800N/m and its resonance frequency is
≈ 25 kHz. For AFM measurements, amplitudes in the range of 50 to 100 pm are used.
The bias voltage is applied to the tip. In this thesis, the bias voltage is transformed
and given as sample bias voltage for comparability with literature. The STM and AFM
scans are performed with Nanonis OC3 (later OC4) controller from SPECS Zurich2
with an internal phase locked loop and lock-in amplifier.
2.2 Tip preparation
First, the tuning fork sensor with the mounted tip are imaged with an electron micro-
scope to check for contaminations or other irregularities at the tip apex (Fig. 2.3c,d).
Second, the tip is shaped with a focused ion beam (FIB) by milling off a donut shape
with various depth from top of the tip. Thus, a conical shape with a smaller tip diam-
eter (typically less than 20 nm and an increased tip aspect ratio is achieved (Fig. 2.3e).
After the FIB preparation, the sensor is introduced in the microscope head and atom-
ically sharp metallic tips with a CO termination are prepared as described in the
following.
Atomically sharp metallic tips To get an atomically sharp tip, clean metal surfaces
are scanned and the tip is mechanically indented by few nm in the surface until the
contrast gets sharper (Fig. 2.4a-c). Furthermore, voltage pulses up to ±10V are ap-
plied to the tip which lead to a reshapening of the tip by the high electric field. Sharp
tips show high contrast in the STM topography images, especially the step edges or
adsorbates whose STM appearance is known from previous measurements are properly
resolved, which indicates the state of the tip. Since in STM it is assumed that only the
outermost tip atoms contribute to the tunneling current because of the exponential
decay of the tunneling current, the tip can be qualified as atomically sharp. However,
for AFM, also long-range forces contribute which are sensed by atoms of the tip apex
further away.
CO terminated tips For AFM imaging with atomic resolution on molecules or sub-
strates, a single CO molecule is attached to the tip (Fig. 2.4d-g). The C atom is
connected to the tip whereas the O atom is facing the sample and used as probe. [8,
109–111] The CO molecule at the tip enhances the contrast through bending. [8] The
CO gas is controllably leaked into the analysis chamber up to a pressure of around
pA = 3 · 10−8mbar for around one minute. The sample in the microscope is kept cold,
2www.specs-zurich.com
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Fig. 2.4: Tip preparation procedure. a, STM topography image with tip prepara-
tion on Cu(111) substrate with adsorbates. Before tip preparation, the tip is a double
tip which can be seen by the repeated structures (white double arrows). After the tip
preparation, one step edge and the repeated structures disappear indicating an improve-
ment of the tip shape. The scale bar is 15 nm. b, Two adsorbates resolved by a bad tip
and c by a good tip after tip preparation. d, f, Schematic drawing of tip functional-
ization with a single CO molecule. e, The tip is already a sharp metallic tip. The CO
molecules appear as depressions on NaCl thin films. The upper CO molecule is picked
up with the tip. g, Subsequently, the contrast changes and the Cl ions of the NaCl layer
can be seen. The adsorbed CO looks different with a CO tip. It shows a halo around
the dark depression. The scale bars in the STM images in b, c, e, g correspond to
1 nm.
so that the CO molecules adsorb all over the surface. They are recognized as dark
depressions on a NaCl thin film (Fig. 2.4e). A CO tip is obtained by performing a
It(z)-curve on top of a CO molecule. By approaching the tip to a adequate distance,
the CO molecule jumps to the tip which can be seen as current jump in the It(z)-curve.
Afterwards the STM contrast changes and the atomic lattice of the NaCl becomes vis-
ible (Fig. 2.4g). A first quality check of CO tips can be done by scanning CO or other
molecules with a CO tip. The CO can be placed asymmetrically on the tip leading
to a double tip effect. Also instabilities can occur when the CO is moving on the tip.
Approved CO tips however, produce symmetric and stable images in STM and AFM.
The ability to atomically shape the tip and control the tip termination is a tremen-
dous advantage of tuning fork based AFM. The sophisticated tip preparation is possi-
ble due to the metallic tips of tuning fork sensors. Additionally, the operation at low
temperature in UHV conditions is required for the controlled tip termination.
2.3 Sample preparation
First, the basic sample preparation of metal crystals used as substrate for all measure-
ments, the deposition by thermal evaporation of NaCl thin films and molecules as well
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Fig. 2.5: Sample preparation. a, STM topography image of Cu(111) surface with
atomic step edges after sputtering and annealing cycles. (It = 10 pA, Vb = 0.3V).
b, STM topography of Cu(111) with deposited NaCl thin film with a thickness of two
monolayers. The islands on NaCl correspond to the third and forth monolayer. The
dark area at the bottom left shows the uncovered Cu(111) surface (It = 3 pA, Vb =
0.3V).
as the deposition of Fe are explained. Second, the application of home built mobile
evaporators is described which are used for deposition on cold samples in order to ob-
tain single adatoms or molecules on NaCl thin films. Molecules that are not thermally
sublimable are deposited by the electrospray technique.
2.3.1 Basic preparation
Metal crystals The crystals are purchased from MaTeck GmbH 3. All metal crystal
surfaces are cleaned by sputtering with Ar+ ions at a pressure of around 5 · 10−6mbar
for 10 min in the preparation chamber (Fig. 2.5a). Subsequently, they are annealed
(temperatures for Cu(111) TCu = 620
◦C, for Ag(111) TAg = 480
◦C, for Au(111) TAu =
400◦C and for Pb(110) TPb ≈ 150◦C). The surface temperature is controlled by a
pyrometer (Pyrospot DG 10N from DIAS Infrared GmbH 4, emissivity ε = 0.05)
except for the Pb(110) crystal because the annealing temperature is lower than the
minimum detectable temperature of the pyrometer (Tmin = 250
◦C). The sputtering
and annealing cycles are performed twice for samples which are kept in UHV before.
Samples introduced from outside the chamber are prepared more times.
NaCl thin films NaCl of high purity (≥ 99.999%) is purchased from Sigma-Aldrich
Chemie GmbH 5. NaCl is thermally evaporated from a Knudsen cell evaporator (TCE-
3www.mateck.com
4www.dias-infrared.de
5www.sigmaaldrich.com
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BSC from Kentax GmbH 6) at a temperature of TNaCl = 485
◦C on a previously cleaned
Cu(111) sample at room temperature. Subsequently, the sample surface is partially
covered with NaCl films of a thickness of two monolayers (Fig. 2.5b). The islands
on the NaCl films correspond to additional monolayers. The bare Cu(111) surface is
necessary to prepare clean metallic tips during the measurements.
Molecules Sublimable molecules are thermally evaporated from a Knudsen cell evap-
orator (evaporator specified above for NaCl thin films in Sec. 2.3.1) at their specific
sublimation temperature which is checked before with the QMB. The deposition rate
is also controlled with the QMB to adjust the evaporation time. The specific sublima-
tion temperatures are given in Tab. 2.1. If the molecules need to be deposited on the
cold sample, the preparation is done in two steps using a mobile evaporator which is
described in Sec. 2.3.2. Non-sublimable molecules are deposited with the electrospray
deposition technique which is explained in Sec. 2.3.3.
Molecule Tevap (
◦C)
I-DNT-VW 167
DBBN 93
tDBA 100
HBC6C12 ESD
Tolyl-terpyridine 107
TTF-dppz 215
TTF-dye ESD
Table 2.1: Evaporation temperatures of investigated molecules. Complex
molecular compounds are deposited by the electrospray deposition technique (ESD).
Atoms Fe atoms are evaporated from an e-beam metal evaporator from FOCUS
GmbH 7 on sample surfaces at room temperature or increased temperatures. For the
preparation of single Fe adatoms, it is required to deposit on cold samples. In this
case, the procedure described in Sec. 2.3.2 is used.
2.3.2 Mobile evaporators
Mobile molecule evaporator To study single molecules and adatoms on thin insu-
lating films on metallic substrates, the deposition on cold samples is mandatory. At
room temperature the molecules diffuse to the metallic substrate because this adsorp-
tion position is energetically preferred. To prevent such diffusion, molecules have to
be deposited on samples kept at a few tens of Kelvin and the sample has to stay
at this temperature without interruption. An increase of temperature occurs when a
sample transfer has to be done or when the microscope stage with the sample warms
up because the liquid nitrogen and helium bath became empty. The only possibility
to deposit molecules on cold samples in the system used for this thesis was to cool
6www.kentax.de
7www.focus-gmbh.com
27
Chapter 2. Experimental setup
a b c
Fig. 2.6: Mobile evaporators constructed for single molecule/atom deposi-
tion. a, 3D drawing of the mobile evaporator inside the manipulator arm (by courtesy
of Y. Pellmont). b, Photograph of the mobile molecule evaporator and c, of the mobile
Fe evaporator. A Fe piece was added later in the middle of the filament for deposition.
down the manipulator with liquid nitrogen. However, a subsequent sample transfer
from the manipulator to the microscope stage has to be done which breaks the cold
temperature chain. Consequently, it was not possible to analyse single molecules or
adatoms on thin insulating films. To solve this problem technically, a mobile molecule
evaporator was designed and constructed. It consists of an Omicron sample plate with
the mounting stages and a tantalum carrier which is holding a piece of a silicon wafer
(Fig. 2.6b). The mobile evaporator can be introduced in the manipulator which au-
tomatically connects one side of the mounting stage with a clamp (Fig. 2.6a). This
side of the mounting stage is electrically isolated from the sample holder with ceram-
ics between the screws and the holder. The mounting stage on the opposite site is
electrically grounded. Consequently, an electrical current can be passed through the
tantalum carrier and the silicon wafer piece. The current flow leads to a temperature
increase of the silicon because of resistive heating. Therefore, the molecule evaporation
on cold sample is done in the following way:
1. The molecules are deposited on the silicon plate in the P chamber with the same
procedure as for the molecule deposition on normal samples (Sec. 2.3.1), but
increased deposition times to increase the number of deposited molecules in the
following second step.
2. The mobile evaporator is transferred to the A chamber and placed in front of
the entrance of the microscope stage. The sample with the insulating thin film
is already inside the microscope stage and hence cooled down with the liquid He
bath. The silicon plate is heated with a current of ISi = 1.4A and a voltage of
VSi = 3.5V for ∆t = 1-2min which flash evaporates the deposited molecules on
the silicon plate.
During the evaporation procedure the sample temperature does not rise above 10K
which ensures that the molecules do not diffuse from the NaCl film to the metal
substrate. After the deposition with the mobile evaporator, the sample can be scanned
directly to investigate the surface with single adsorbed molecules on insulating films.
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Mobile Fe evaporator The preparation of single Fe adatoms also requires the de-
position on cold samples which causes the same problem as for molecules. The metal
e-beam evaporator is placed in the preparation chamber, so that a sample transfer at
room temperature is necessary which prevents the preparation of single adatoms due
to diffusion. Hence, a mobile Fe evaporator is built up with a similar construction as
the mobile molecule evaporator (Fig. 2.6c). The basic construction stays the same,
but the silicon plate is replaced by a spiral tungsten filament. By resistive heating,
the filament heats up to a temperature of 1300◦C which is tested by a pyrometer. In
the middle of the filament spiral a small Fe plate is folded around the tungsten wire.
The Fe plate consists of a Fe foil with thickness 0.05mm and a purity grade of m4N8,
t4N+ from Alfa Aesar 8. By heating the filament, the Fe plate also heats up and
Fe atoms are evaporated. For deposition on cold samples, the mobile Fe evaporator is
placed directly in front of the entrance to the microscope head like the mobile molecule
evaporator.
2.3.3 Electrospray deposition
The thermal deposition of molecules described in Sec. 2.3.1 is limited to the group
of UHV sublimable molecules. Molecules, e.g. with functional anchor groups to bind
to a surface, with long alkyl chains or carboxylic acid end groups, are too fragile to
evaporate them in UHV for sample preparation.
With the implementation of electrospray deposition (ESD), which is a preparation
technique commonly applied in biology, samples with complex molecular compounds
can be prepared under UHV conditions with the required cleanliness for AFM mea-
surements. [112] ESD is based on the principle of electrospray ionization. [113,114]
The setup of the electrospray is displayed in Fig. 2.7a. The electrospray is plugged
to the P chamber of the system. A solution of the molecules is prepared (Fig. 2.7d)
and put into an automatically driven syringe which guarantees a constant solvent
flow through the capillary. A rate of maximum 60µl/h is used. At the end of the
capillary small droplets of the solvent are ionized by the applied electric field (VESD =
1.5 kV) and directed towards the sample through several pumping stages (Fig. 2.7a-
c). On the path to the sample, a fraction of the solvent evaporates and is pumped.
Subsequently, the molecular beam hits the surface of the previously cleaned sample
which is kept in vacuum in the P chamber. During ESD, the pressure in the P chamber
rises from 10−10mbar to 10−7mbar. Molecules are dissolved in a mixture of toluene
and methanol (ratio 4:1) of high purity (HPLC quality) purchased from Sigma-Aldrich
Chemie GmbH.
8www.alfa.com
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a
b c d
Fig. 2.7: Electrospray setup. a, Schematic drawing of the electrospray setup with
different pumping stages (by courtesy of A. Hinaut, [112]) b, Photograph of the elec-
trospray (mounted on a different microscope), c, Photograph of the capillary and the
entrance to the pumping stages, d, Solution of toluene and methanol (4:1) with TTF-
dye molecules.
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2.4 Investigated molecules
Synthetic chemistry allows to implement a variety of properties into molecular struc-
tures. Electron donor-acceptor systems can be built which transfer charges inside
the molecule upon light absorption [115], ligands can be added to form coordination
complexes with ions [116] or halogen atoms can be connected to trigger on-surface
chemical reactions. [117] The chemical structures of the investigated molecules leading
to specific properties are explained in the following.
2.4.1 I-DNT-VW
I-DNT-VW molecules consist of a V-shaped dinaphthothiophene core with two iodine
atoms attached on both sides (Fig. 2.8a). The molecules are synthesized by the group of
Toshihiro Okamoto and Jun Takeya. [118] In solution, C–I and C–Br bonds react with
Cu atoms which induces dehalogenation and forms C–C bonds between the molecules
which is called Ullmann coupling. [119]
Recently, a similar process has been demonstrated on metallic surfaces, such as Ag,
Au and Cu, [120–126] and can be expected to occur with the I-DNT-VW molecules.
As C–I bonds are cleaved on the Ag(111) surface (Fig. 2.8a), the molecular units are
connected with organometallic bonds (Fig. 2.8b). By annealing the sample, the Ag
atoms of the organometallic bonds are released and covalent bonds between adjacent
molecules are formed. Thus, by on-surface chemical reactions, molecules can be cova-
lently linked to create polymeric chains or networks which opens new synthetic routes
by using surfaces as catalysts.
S
I I
S
n
S
Ag
n
+ n Ag
+ 2n I
+ n Ag
+ 2n I
a b c
organometallic bond carbon-carbon bond
+ΔT
Fig. 2.8: On-surface chemical reaction by Ullmann type coupling. a, I-DNT-
VW molecules react with Ag surface atoms by dehalogenation and form an organometal-
lic bond, shown in b. c, After annealing, Ag atoms of the organometallic bonds are
released and a carbon-carbon link is formed between the molecules.
2.4.2 tDBA
The triangular dehydrobenzo[12]annulene molecule (tDBA) is synthesized by the group
of Kazukuni Tahara and Yoshita Tobe. [127] It has a planar structure with three
benzene rings linked by three acetylene units (Fig. 2.9b). The molecule is employed as
a precursor for chemical transformation processes since acetylene moieties are known
to react to aromatic molecules and π-conjugated oligomers by inducing transannular
cyclization on metallic substrates. [128] Consequently, the internal chemical structure
of molecules can be transformed by on-surface reactions.
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On-surface chemical reactions
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Fig. 2.9: Chemical structures of investigated molecules.
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2.4.3 DBBN
3,3’-dibromo-2,2’-binaphthalene (DBBN) is synthesized by the group of Shingo Ito
and Kyoko Nozaki (Fig. 2.9c). [129] By an Ullmann-type on-surface reaction, the Br
atoms of DBBN can be cleaved and covalent intramolecular bonds are formed. This is
employed to study the competition of aromaticity and anti-aromaticity of the molecular
structure.
2.4.4 TNP and TFAP
Trinaphtho[3.3.3]propellane (TNP) and trifluorantheno[3.3.3]propellane (TFAP) are
synthesized by the group of Tomohiko Nishiuchi and Takashi Kubo (Fig. 2.9d,e). [130]
The molecules have three-dimensional structures which allow the vertical access to
hydrogen atoms of the upstanding rings with the tip. Thus, intermolecular interaction
between the CO at the tip and the hydrogen atoms of the molecule can be studied.
2.4.5 HBC6C12
Hexadodecyl-hexa-perihexabenzocoronene (HBC6C12) molecule is synthesized by the
group of Klaus Mu¨llen. [131] Six long alkyl chains are connected to a large aromatic
core as peripheral side groups (Fig. 2.9f). Alkyl chains interact by vdW forces with
adjacent alkyl chains which leads to interdigitation. [132] Interdigitation governs the
assembly formation which is observed at liquid-solid interfaces by STM. [132–134]
However, large molecular structures with peripheral side groups are thermally frag-
ile which prevents the deposition in UHV and the study of their molecular assembly
formation on solid surfaces. HBC6C12 is used to demonstrate the application of elec-
trospray deposition technique to obtain such chemical structures on surfaces in UHV.
2.4.6 SND
The tolyl-terpyridine molecule, so-called Swiss Nano Dragster (SND), is synthesized
by the group of Prof. Catherine Housecroft. [135] It is composed of three pyridine
units and one front methylphenyl (tolyl) unit linked by C-C bonds (Fig. 2.9g). The
structure is planar and the terpyridine moieties act as coordination center favouring
the formation of coordination bonds with transition metals via the lone-pairs of the
pyridine nitrogens. [135] This functionality is used in dye sensitized solar cells (DSSC)
where SND molecules are employed as bridge between the electrode and the sensi-
tizer. [136] In DSSC, the tolyl unit couples to the electrode. On the other side of the
molecular structure, a coordination complex between the pyridine units and a metal
ion is formed. Sensitizer molecules can dock on this metal ion. Thus, an efficient charge
transfer through the SND molecule from the sensitizer to the electrode is achieved.
On metalic surfaces in UHV, the localized coordination center of the terpyridine
unit is expected to dominate the interaction with the metallic substrate whereas the
tolyl unit only weakly physisorbs due to van der Waals interactions. [137] This might
be favorable for single molecule manipulation.
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Fig. 2.10: Intramolecular charge transfer at DA interfaces in heterojunction
solar cells. Schematic drawing of the energy levels involved in the charge transfer.
a Upon photon absorption, a transition between the singlet ground state S0 and the
first excited state S1 occurs which leads to the creation of an exciton in the donor
molecule. b, The exciton diffuses to the interface between the donor and acceptor
molecules where a charge transfer complex with a CT state is formed. The CT state is
populated if Eabs > ECT. c, The charges of the exciton can be separated by transfering
the electron to the LUMO of the acceptor and the hole to the HOMO of the donor if
the Coulomb binding energy is overcome.
2.4.7 Donor-acceptor molecules
In organic solar cells using donor-acceptor (DA) heterojunctions, electron donor mole-
cules are mixed with electron acceptor molecules to build interfaces. [138–141] The DA
interface leads to the formation of a charge transfer complex (CTC) where electron-hole
pairs (excitons) can be separated which creates charge transfer (CT). [139, 142, 143]
Excitons are generated in the donor by absorption of photons with a higher energy
than Eabs (Fig. 2.10a). For the creation of free charge carriers which can be extracted
at the electrodes, excitons have to diffuse to the DA interface which results in a popu-
lation of the CT state if Eabs > ECT (Fig. 2.10b). [139] If the Coulomb binding energy
of the exciton is overcome, the electron can be transferred from the CT state to the
LUMO of the acceptor whereas the hole can be transferred to the HOMO of the donor
(Fig. 2.10c). Thus, the exciton is separated and free charges are created which is used
for the photocurrent generation in organic solar cells. The reason for overcoming the
binding energy of the exciton has been under debate. [139,142,143]
Recombination can occur which prevents the creation of free charges. Recombination
of CT states can be induced by transition to the ground state, by electron back transfer
to the donor exciton state or by diffusion of the CTC to the surface where one of the
constitutes of the exciton recombines. Consequently, the separation of the CT state
strongly depends on the contribution of the different recombination mechanisms. [139]
To control the exciton separation and recombination processes, the interplay between
molecular properties, electronic states and surface interactions has to be understood.
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Fig. 2.11: Intramolecular charge transfer in TTF-dppz. a, Absorption spectrum
of TTF-dppz in CH2Cl2 solution with an absorption peak at λ = 540 nm, corresponding
to a S0-S1 transition. Adapted from ref. [144]. b, DFT calculation of the free molecule
in the gas phase showing the spatial distribution of the HOMO and LUMO which is
responsible for the ICT from the donor to the acceptor. [145]
By fusing an electron donor moiety to an electron acceptor moiety, a single DA
molecule is obtained which builds a well-defined CTC on the nanometer scale. Ab-
sorptions bands different from the absorption of the isolated molecular moieties occur
which indicates the creation of a charge transfer state. [144] Thereby, DA properties
leading to the CT state can be studied independently from diffusion processes at the
DA interface in macroscopic devices. The HOMO of the donor and the LUMO of the
acceptor, which are involved in the CT separation process, are implemented in one sin-
gle molecule, but spatially separated on the different molecular moieties. Thus, after
creating excitons and separating the CT state, charge is transferred from the donor to
the acceptor which leads to a directional charge flow in a single molecule.
2.4.8 TTF-dppz
The tetrathiafulvalene-fused dipyridophenazine (TTF-dppz) is a fused electron DA
molecule (Fig. 2.9h) which is synthesized by the group of Silvio Decurtins and Shi-Xia
Liu. [144] DA molecules are candidates for the application in single-molecule based elec-
tronic devices because of their unique DA properties. In TTF-dppz, the DA properties
are obtained by fusing TTF, a well-studied donor extensively used in charge transfer
salts [146], to dppz, which acts as an acceptor. [144] Dppz has a metal chelating di-
imine side which can be used to tune the light absorption properties by coordination
complex formation. [116, 147]
The HOMO and the LUMO are spatially separated (Fig. 2.11b) which leads to the
outstanding property of TTF-dppz to split electron-hole pairs upon photon absorption
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creating intramolecular charge transfer (ICT) from the donor to the acceptor. The
absorption peak for the HOMO-LUMO transition is at a wavelength of λabs = 540 nm
(Fig. 2.11a) which is tested by optical spectroscopy in solution. [144] The absorption
induces the intramolecular charge transfer due to excitation of an electron from the
HOMO to the LUMO. Thus, a change of the dipole moment of the TTF-dppz molecule
from 0.9D in the ground state to 5.9D in the excited state occurs, as calculated by time
dependent DFT. [144]. The ability to convert light into electrical current is applied in
organic solar cells based on DA molecules. [148]
The DA property of the fused, π-conjugated TTF-dppz molecule leads to spatially
separated electron-rich and electron-deficient moieties which corresponds to the ac-
ceptor and donor, respectively. By connecting the donor and acceptor to electrodes
and applying a voltage, electrons could resonantly tunnel in and out of the molecule.
Because one direction of the charge flow is preferred, DA molecules rectify the current
and act as molecular diodes [149] which can be investigated by using the mechanically
controllable break-junction technique. [150]
2.4.9 TTF-quinoxaline
The tetrathiafulvalene-quinoxaline molecule (TTF-dye) is a fused electron donor-acceptor
system with benzoic acid and alkyl end groups (Fig. 2.9i) which is synthesized by the
group of Shi-Xia Liu and Silvio Decurtins. [148] Similar to the TTF-dppz molecule,
the TTF-dye shows for the HOMO-LUMO transition an intramolecular charge trans-
fer upon photoexcitation with a wide spectral absorption range centered at 526 nm
(Fig. 2.12a). [148] The peripheral end groups, benzoic acid and alkyl chains, are at-
tached to molecular core to enhance the anchoring of the dye with titaniumdioxide
commonly used as wide bandgap semiconductor material in DSSC. [151, 152] DSSC
sensitized with the TTF-dyes exhibit one of the highest power conversion efficiencies
for TTF-based sensitzers. [148]
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Fig. 2.12: Intramolecular charge transfer in TTF-dye. a, Absorption spectrum
of the TTF-dye in THF solution. The S0-S1 transition occurs at a wavelength of
526 nm. b, DFT calculated spatial distribution of the HOMO and LUMO. The spatial
separation leads to the ICT upon photoexcitation. Adapted from ref. [148].
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Exploring characteristics of molecules and
atoms on surfaces
To access structural and electronic properties at the atomic level, STM and AFM are
indispensable tools for surface science. Targeting the goal to control displacements
and electronic states of molecules on a surface, the interplay between molecules, i.e.
bond formation, has to be understood. Intermolecular bonds, such as hydrogen bonds
or van der Waals interactions between molecules influence the formation of molecular
assemblies. Moreover, intramolecular bonds determine properties like the aromaticity
of single molecules. Understanding and controlling bond formation between molecules
or within a molecule might be employed to create chemical compounds by on-surface
chemical reactions. An additional route to explore molecules with more complex chem-
ical structures on a surface in UHV is to apply adapted deposition techniques ensuring
the structural integrity of the molecules. In this chapter, examples for the analysis of
inter- and intramolecular bond formation of molecules on metal substrates are shown.
Beyond structural investigations, STM and AFM also allow to examine electronic
states at the dimensions of atoms. Especially, the simultaneous acquisition of both
physical quantities, the tunneling current and the frequency shift, provides structural
and electronic information that can be correlated directly.
3.1 State of the art
Molecules on metal surfaces have been intensively studied by STM and AFM to
reveal bonding motifs and structures of molecular assemblies. Assembly formation can
be controlled by adapting the molecular structure, the bonding motif and the cover-
age of the substrate. Non-covalent bonding between the molecular precursors, such
as hydrogen bonding, leads to small molecular islands, such as trimers or tetramers,
molecular wires or two-dimensional assemblies. [153–155] Analysis of individual mole-
cules revealed the influence of the surface on the conformation of molecules. [156] By
controlling the coverage of molecules on the surface, the structure of assemblies can be
varied. [157] Additionally, molecular assemblies are formed by metal-organic coordina-
tion [158] and can be tuned by deposition of metal atoms on the surface. [159] These
39
Chapter 3. Exploring characteristics of molecules and atoms on surfaces
metal-organic coordination networks can build nano-pores that can be filled with guest
atoms or molecules and used as nanometer sized cavities. [160–163] Covalent bonding
between molecules in an assembly can also be established by adding peripheral groups
to the molecular structures that break and form covalent bonds upon annealing on the
surface. [117, 164] In the following chapter the achievements of controlling molecular
assemblies on metal surfaces are combined with the resolution imaging of CO termi-
nated tips allowing to image the chemical structures of molecular assemblies, determine
bond formation and also analyse the bond order. [8, 70]
Force spectroscopy performed by measuring the frequency shift as a function of the
tip sample distance, offers the possibility to locally probe and quantify the interaction
force between tip and sample at the atomic level (Sec. 1.3.1). Force spectroscopy was
used to quantify short-range chemical bonding forces between atoms of the tip and of
the Si(111) 7×7 surface. [75] Sublattice sites of alkali halides surfaces were classified
by determining the tip polarity. [165] To perform force spectroscopy at the atomic
level, the thermal drift has to be compensated which can be done using atom track-
ing. [166, 167] By measuring and normalizing the short-range forces arising from tip-
sample interactions on different sites, single atoms of a surface alloy can be chemically
identified. [90] Furthermore, atoms in heterogeneous atomic chains on Si(100) were
distinguished by force spectroscopy. [168] Weak interactions on single-walled carbon
nanotubes [169] as well as structural deformations accompanied by electronic changes
of the surface due to large chemical forces during bond formation [170] can be studied.
Employing three-dimensional force spectroscopy, complete force maps with detailed
information about site-specific interaction on graphite [171], on C60 [87] and on other
organic molecules [89] are obtained. Van der Waals interactions between two noble
gas atoms were measured by terminating the tip with Xe and probing Xe, Ar and Kr
which are stabilized by the nodes of a metal-organic framework. [172] The last exam-
ple demonstrate that weak interactions between a previously functionalized tip and
adatoms on the surface can be analysed.
3.2 Analysis of intermolecular bonds
Intermolecular interactions mainly determine the structure of a molecular assembly.
Adsorbed on a surface, the molecules of an assembly also interact with the underlying
metal substrate. By controlling these two interactions, chemical reactions can be
intentionally induced to form covalent bonds leading to one-dimensional polymeric
chains or two-dimensional molecular sheets on a surface. The intermediate steps of
such an on-surface chemical reaction can be followed and analyzed by STM and AFM.
For the control of intermolecular bonds, side groups are added to the molecular cores
as for example alkyl chains, carboxylic acid or cyano groups. As a consequence, the
molecular weight increases which requires special deposition techniques for UHV. Van
der Waals interactions between long alkyl chains can be studied on a surface as well
as single hydrogen bonds between the hydrogen atoms of an adsorbed molecule and
the CO of the tip.
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Organometallic bond in Ullmann-type chemical reaction The results presented in
the next paragraph have been published in the journal Small.a [173] Figures are repro-
duced with permission from John Wiley and Sons.
STM and AFM enable the investigation of intermediate steps of chemical reactions
on surfaces on the molecular level. Here, the formation of an intermediate organometal-
lic C–Ag–C bond of an Ullmann-type chemical reaction is studied on a Ag(111) sur-
face by STM and AFM. Ullmann coupling [119] is well known from solution chemistry
and imply metal ions that act as catalysts for dehalagogenation to form C–C bonds
(Sec. 2.4.1). On surfaces, molecules can also be coupled in this way leading to the
synthesis of new chemical structures. [117,120–122,174,175]
The I-DNT-VW molecules are deposited on a clean Ag(111) surface which is kept
at 150K to prevent further chemical reactions activated by temperature. In the STM
image, different features can be recognized (Fig. 3.1b). It shows that the molecules are
V-shaped and lie in rows as indicated by the yellow marks. For further analysis AFM
with CO terminated tips is performed which reveals the structure and bonding motives
(Fig. 3.1c). The protruding part of the molecule is the S atom (inset Fig. 3.1b) of the
molecular structure. The dots located between the rows of molecules (indicated by
blue arrows) are cleaved I atoms which stay on the surface. The brightest protrusions
in the STM image, highlighted by white arrows, are seen in the rows of molecules
(Fig. 3.1b). The AFM image shows that these are I atoms which are still bound to
the molecular backbone (Fig. 3.1c). In contrast, the dots which connect two molecular
structures are less bright in the STM image and show a white blurry ”cloud” in the
AFM image (dashed area). Since the AFM image is recorded at constant height, this
indicates that the ends of the molecules are located closer to the substrate than the
centers so that the tip-sample distance is too large to show a contrast in the frequency
shift.
Consequently, the tip is approached and only the blurry region between the molecules
is scanned (dashed rectangle in Fig. 3.1c). The resulting AFM image is shown in the
inset of Fig. 3.1c. A bond-like connection between the molecules is observed. Since
bond-like features can occur in AFM images even if there is not a real bond, but
elevated electron density, the interpretation has to be made carefully. [176] However,
it is known from solution chemistry that I-DNT-VW forms organometallic bonds by
dehalogenation and also STM studies identified the same features as seen in the STM
image in Fig. 3.1a as organometallic bond. [177] Furthermore, the molecular structure
is unambiguously identified in the AFM image, so that the conclusion is made that
the feature in the AFM inset is caused by the organometallic C–Ag–C bond.
To confirm this assumption, the bond length is measured which yields a length of
270 pm. The measured value is much higher than the calculated bond length of 423 pm.
The difference is due to the tilt effect of the CO which increases the apparent size of
the carbon rings. [178]
aKawai, S., Sadeghi, A., Okamoto, T., Mitsui, C., Pawlak, R., Meier, T., Takeya, J., Goedecker, S.,
Meyer, E. Organometallic Bonding in an Ullmann-Type On-Surface Chemical Reaction Studied
by High-Resolution Atomic Force Microscopy Small 12, 5303 (2016).
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Fig. 3.1: STM, AFM and force spectroscopy maps on I-DNT-VW.a, Chem-
ical structure of I-DNT-VW molecule. b, STM image of I-DNT-VW deposited
on Ag(111) below 150K. Dashed area marks the scan frame of the inset (Vb =
−200mV, It = 2 pA). c, AFM image of I-DNT-VW molecules. The inset shows an
AFM image of the area around the organometallic bond which is marked by a dashed
square. The image is recorded 70 pm closer to the sample than the overview AFM im-
age. d, Calculated positions of the atoms extracted from the measured geometry in the
frequency shift map of e, e, Two-dimensional frequency shift map recorded along the
V-shaped longitudinal axis of the molecule. The dashed circles illustrate the gaps be-
tween the centers of the carbon rings and between two bonds. f, STM topography after
annealing the sample at 380K (Vb = −200mV, It = 2 pA). g, AFM image showing the
covalently linked molecules and h, two-dimensional frequency shift map showing the
flat geometry of the molecules. [173]
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To investigate the bent structure of the molecule, two-dimensional ∆f maps are
recorded along the V-shaped longitudinal axis of the molecule (Fig. 3.1e). The most
negative frequency shift value is used to determine the corrugation of the molecule. [89]
At the center the molecule has an adsorption height of 310 pm. Single C atoms on the
left (260 pm) and on the right (250 pm) are closer to the substrate. This leads to
a bending angle of the left and right napthalene unit to the substrate of 6◦ and 8◦,
respectively. The bent angle of the whole molecule is 14◦ (Fig. 3.1d) which is in
agreement with crystal structure observations. [118] The asymmetry of the molecular
bending can be related to the different adsorption sites of the Ag atoms (one on hollow
and one on bridge site) on the left and right side of the molecule which was determined
by resolving the surface lattice of Ag(111) by AFM and comparing them with DFT
calculations. [173] If both Ag atoms are located on equivalent sites, the bending of the
molecule is symmetric. The adsorption height of the Ag is 200 pm (Fig. 3.1d) which is
a clear evidence that the Ag atom is an adatom.
Following from these results, the deposition of I-DNT-VWmolecules on cold Ag(111)
at 150K leads to the cleaving of the C–I σ-bond and to the formation of a C–Ag bond.
This product is short-lived because organometallic C–Ag–C bonds to other molecules
are immediately formed. The cleaved I atoms stay on the surface.
In a further step, the sample is annealed at 380K to dissociate the Ag atoms and
form C–C bonds (Fig. 3.1f-h). The molecules are polymerized and depending on the
orientation, the chain is straight or curved (Fig. 3.1f). This highlights the flexibility
of the C–C bond compared to the organometallic C–Ag–C bond where the molecules
align in straight rows (Fig. 3.1b). The structure after annealing at 380K can be
observed in an AFM image (Fig. 3.1g) which shows that the molecules are linked to
each other in a planar configuration. The extracted bond length between the C atoms
of adjacent molecular units is 120 pm which is shorter than organometallic bond length
(270 pm). The calculated length for the C-C bond is 136 pm which is slightly higher
than the measured one due to the effect of the CO bending in the AFM scan. The
two-dimensional ∆f map in Fig. 3.1h reveals the lowering of the adsorption height by
70 pm and the flat geometry of the polymerized chain in comparison to the molecule
in the map in Fig. 3.1e.
In conclusion, the intermediate steps of the formation of covalently bound molecular
chains are observed by STM and AFM in combination with DFT calculations. The
presence of I atoms in the molecular structure leads to the formation of organometallic
bonds between the molecules and Ag adatoms on the surface upon deposition on the
Ag(111) sample kept at 150K. Due to the C–Ag–C bond, both ends of the molecular
structure are bent towards the surface. By further annealing at 380K, the Ag adatoms
are removed and covalent bond formation is induced which links the molecules to one-
dimensional polymeric chains. The polymeric chain is lying flat on the surface with
a lower adsorption height. The results show that STM and AFM can be used to
study chemical on-surface reactions in detail by resolving the molecular geometry and
structure. In the case of I-DNT-VW, I atoms are used to trigger a chemical reaction
which finally forms a covalently bound molecular chain. More complex side groups
can be added to molecular structures in order to dominate intermolecular interactions
which is presented in the following.
43
Chapter 3. Exploring characteristics of molecules and atoms on surfaces
Fig. 3.2: STM image of HBC6C12 molecules on Au(111) (It = 2 pA, Vb =
−200mV, scale bar = 5 nm) [179]
HBC6C12 molecules deposited by electrospray The results presented in the next
paragraph have been published in an article of the journal Nanoscale.b [179] Figures
are reproduced with permission from the Royal Society of Chemistry.
Molecular assemblies can also be obtained by weaker interactions than covalent
bonding. Incorporating long alkyl chains is known to lead to interdigitation which can
result in the formation of large islands. [133,180–183]
However, attaching side groups leads to an increase of the molecular complexity and
weight which might cause fragmentation of the molecules during deposition by thermal
evaporation. This standard deposition technique limits the structural complexity of
observable molecules in UHV. Consequently, studies of molecules with long peripheral
alkyl chains are usually performed at liquid-solid interfaces since in UHV, only small
peripheral alkyl chains could be investigated. [133,181,184] The electrospray deposition
(ESD) technique (Sec. 2.3.3) solves this problem by transfering molecules from solution
onto a surface in UHV enabling the deposition of large molecules with side groups. [112,
185–189] Electrospray ion beam deposition methods with soft landing devices or mass
spectrometry offer additional features in sample preparation. [190–192]
Here, a polycyclic aromatic hydrocarbon molecule, HBC6C12 (Sec. 2.4.5), with six
dodecyl chains attached to the HBC core, is used to demonstrate the deposition by
ESD of intact large molecules with long and numerous alkyl chains. Only the HBC
core is thermally stable and studied at surfaces under UHV conditions. [70, 193]
In Fig. 3.2 an overview STM image of HBC6C12 molecules on the surface as it is re-
ceived after electrospray deposition is shown. The sample is kept at room temperature
bHinaut, A., Meier, T., Pawlak, R., Freund, S., Jo¨hr, R., Glatzel, T., Decurtins, S., Mu¨llen, K.,
Narita, A., Liu, S.-X., Meyer, E. Electrospray Deposition of Structurally Complex Molecules
Revealed by Atomic Force Microscopy. Nanoscale 10, 1337 (2018).
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Fig. 3.3: High resolution imaging of the HBC6C12 assembly on Au(111). a,
AFM image of interdigitated alkyl chains and d, of the HBC core. b,c, STM images of
two different islands with two different enantiomer orientations (in e, It = 2 pA, Vb =
−200mV, in c, It = 1 pA, Vb = −1.5V, scale bars = 1 nm). e, f, Model of the
molecular alignment corresponding to b and c. [179]
during deposition and no post-annealing is performed. Large molecular assemblies in
the range of hundred nanometer are formed on the Au(111) substrate. The star-like
HBC core and the individual alkyl chains are clearly observed in the STM image. The
lattice constant of the molecular assembly is ∼ 2.2 nm.
From AFM images recorded at room temperature (RT), it is known that each
molecule aligns with the alkyl chains pointing straight toward the center of the HBC
core leading to interdigitation. [179] At LT however, the alkyl chains are oriented with
a certain angle with respect to the HBC core (Fig. 3.2). To get detailed information
about the interdigitation, the molecules are scanned with higher resolution. The sur-
rounding alkyl chains are revealed as zig-zag structures which are brighter than the
core indicating a smaller tip-sample distance on the chains (Fig. 3.3a). A zoom on
the area of the core reveals its expected chemical structure (Fig. 3.3d) as already ob-
served in literature. [70] The higher resolved STM images (Fig. 3.3b,c) highlight that
the alkyl chains leave the core with an angle and are not pointing straight forward
to the center of the opposite molecule. As consequence of this exit angle of the alky
chains, the HBC6C12 shows a chiral conformation (compare Fig. 3.3b to c) resulting
in enantiomeric assemblies at LT. The molecular assemblies are compressed with re-
spect to the assemblies at RT to maximize the interdigitation between the alkyl chains
and increase van der Waals interactions. Subsequently, the lattice parameter at LT
(2.2 nm) decreases in comparison to assemblies at RT (2.6 nm) due to the observed
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chirality at LT. [179,194]
The results show that the formation of extended islands of HBC6C12 is promoted
by the long alkyl chains which are attached to the molecular core. Such large molecu-
lar structures can be investigated by STM and AFM in UHV due to the electrospray
deposition technique. The bonding motive of the molecular assembly is revealed by ob-
serving the interdigitation and the chiral phase transition induced by van der Waals in-
teractions. Other important intermolecular interactions in nature are hydrogen bonds
which are studied in the following.
Quantitative force measurement by detection of a hydrogen bond The results
presented in the next paragraph have been published in the journal Science Advances.c [195]
Figures are reproduced with permission from AAAS.
The attraction between covalently bound hydrogen atoms to close-by electronegative
atoms, also called hydrogen bond, is present in many systems in nature such as DNA,
water or organic molecules. For example in DNA, hydrogen bonds are created between
the complementary base pairs which leads to the formation of the three-dimensional
double helical structure, responsible for its possible replication. Due to its importance
in nature, atomically precise studies of intermolecular interactions induced by hydrogen
bonding are of fundamental interest to understand biological and chemical processes.
The use of AFM is mandatory since commonly employed spectroscopy techniques
like nuclear magnetic resonance spectroscopy or X-ray crystallography cannot resolve
hydrogen bonds. In AFM, tips can be terminated by CO molecules which creates a
probe for local chemical reactivity since it senses Pauli repulsion as well as chemical
forces (Sec. 1.3). [196] Consequently, the C=O· · ·H–C hydrogen bonding between
the CO tip and hydrogen atoms of an adsorbed molecule could be directly detected.
However, most of the investigated molecules on surfaces are planar, which prevents
the direct measurement of the hydrogen bonding. By choosing a three-dimensional
molecular setup which allows that CH groups stick out of the surface plane, the CO
tip could be vertically approached to perform force measurements. For this reason,
three-dimensional propellane derivatives are used (Fig. 3.4a,b and Sec. 2.4.4).
The propellane molecules have two CH groups pointing out from the surface plane
when adsorbed in the upright position. In Figure 3.4c upright (red arrows) and side-
lying (yellow arrows) configurations of the TNP molecules (Fig. 3.4a) on the Ag(111)
surface can be observed. The double dot structure indicates the upright position as it
is also seen for the TFAP molecules (Fig. 3.4b). This position allows a direct access the
C=O· · ·H–C interaction when the tip is approached. To measure the force between tip
and hydrogen atoms, a two-dimensional ∆f map is recorded on the axis of the two dot
structure (Fig. 3.4e, f). The measured frequency shift is converted into forces using the
method described in Eq. 1.24 in Sec. 1.2 which leads to a two-dimensional force map
(Fig. 3.4g). The potential is also obtained by integrating the force field (Fig. 3.4h)
cKawai, S., Nishiuchi, T.; Kodama, T., Spijker, P., Pawlak, R.; Meier, T., Tracey, J., Kubo, T.,
Meyer, E., Foster, A. S. Direct quantitative measurement of the C=O...H-C bond by atomic force
microscopy. Sci. Adv. 3, 1603258 (2017).
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Fig. 3.4: Direct quantitative measurement of the C=O· · ·H–C bond. Chemi-
cal structures of a, TNP and b, TFAP. The upper structures represents the top (side)
view if the molecules are in the upright (side-lying) position. The lower structures show
the side (top) view for the upright (side-lying) adsorption geometry. c, AFM image of
the upright (red arrows and area) and side-lying (yellow arrows and area) molecules
of TNP on Ag(111). d, Higher resolution AFM image of upright TNP molecules with
a CO terminated tip. e, Schematic representation of the experiment with AFM image
of upright TFAP molecule on Ag(111). f, Two-dimensional frequency shift map of
TFAP molecules in the upright position g, Corresponding converted force map and h,
Potential map. [195]
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following Eq. 1.25.
Figure 3.4g shows a dark halo around the molecule representing attractive forces. Its
minimum corresponding to the most attractive site is located between two hydrogen
atoms and has a strength of −40 pN. This strength is of comparable order to van der
Waals interaction forces between atoms. [172] In the potential map a dip is located at
the same position (Fig. 3.4h). The minimum of the experimentally determined poten-
tial is about 40meV which is comparable to the DFT calculated value of 35meV. [195]
The ridge lines of the potential tails can be used to measure the angle between the two
C–H and the C–C axis (Fig. 3.4h). The measured angle of 55◦ is close to the angle
from the model (60◦, Fig. 3.4e). The theoretical distance between the two hydrogen
atoms is 245 pm which would lead to an experimentally determined position of the
hydrogen cores at z = 25 pm (arrow in Fig. 3.4h). The comparison of DFT calculated
potentials with the experimental data shows that the energy minimum is located at a
distance of 300 pm between the oxygen of the tip and the hydrogens in the molecule.
This distance would be typical for a weak hydrogen bond. [197]
Furthermore, DFT studies of the electrostatic potentials of tip and sample demon-
strate that the interaction between the tip and molecule is caused by the negative
charge of the O atom at the tip with the weakly charged hydrogen atoms. The O· · ·H
interaction leads to a nonlinear bond angle which is not characterstic for van der Waals
interactions [198] and supporting the influence of the hydrogen bonding.
In conclusion, the direct interaction between C=O· · ·H–C is demonstrated by resolv-
ing the outmost hydrogen atoms in a upright standing hydrocarbon molecule. This
method using a vertical molecular geometry and performing two-dimensional force
spectroscopy maps, shows the capability of AFM to quantify forces between single
atoms which can be generally applied to investigate intermolecular interactions. The
high lateral resolution of CO terminated tips also allows to reveal the intramolecular
bonds which is presented in the next section.
3.3 Analysis of intramolecular bonds
Intramolecular bonds determine the chemical structure of a molecule and therefore also
its properties. The capabilities of STM and AFM allow to characterize bonds within
a molecule. Here, two examples are demonstrated. First, the aromaticity of molecules
is analysed. It describes organic molecules that are cyclic and planar which leads to a
low chemical reactivity and higher stability compared to non-aromatic ones. Second, a
thermally induced chemical reaction which induces the structural transformation of a
single molecule is characterized. Several products are formed during chemical reactions
which depend on several possible reaction pathways. AFM offers the advantage to
analyse these products by resolving their chemical structure.
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Competing annulene and radialene structures The results presented in the next
paragraph have been published in the journal ACS Nano.d [129] Figures are reproduced
with permission from the American Chemical Society.
Hu¨ckel’s rule says that cyclic molecules with (4n + 2) π-electrons are stable and
aromatic because of the efficient delocalization of π electrons (n is an positive inte-
ger). Whereas cyclic molecules which only possess (4n) π-electrons are destabilized
by the delocalization. These molecules are defined as anti-aromatic. The 4-membered
ring, cyclobutadiene (Fig. 3.5a), is an example for an unstable anti-aromatic molecule
(4 π-electrons). The cyclobutadiene core can be fused to two phenyl rings leading
to biphenylene (Fig. 3.5c) which is stabilized by radialene structures. They form
cross-conjugated double bonds in the phenyl rings as shown by X-ray and electron
diffraction. [199–203]
Following the pioneering work from Gross et al. that has shown the possibility to
distinguish bond order by measuring their length [70], AFM is used to analyze the
aromatic behaviour of a single dibenzo[b,h]biphenylene molecule.
As a precursor 3,3’-dibromo-2,2’-binaphthalene (DBBN) is used which can form
inter- or intramolecular single bonds by means of Ullmann type reactions on metal
surfaces (Fig. 3.5d and Sec. 2.4.3). Annealing DBBN on a Ag(111) surface at a tem-
perature of 406K leads to the synthesis of new chemical structures including inter- and
intramolecular bonds. [129] To investigate the competing annulene and radialene struc-
tures, the formation of the intramolecular bonds in dibenzo[b,h]biphenylene (Fig. 3.5g,
h) is exclusively discussed in the following.
A STM overview image is shown in Fig. 3.5e. The molecules have a pill-like shape
and form assemblies. In between the molecules the deconnected Br atoms can be seen
(yellow arrows in Fig. 3.5e). High-resolution AFM imaging at constant height with a
CO terminated tip reveals the chemical structure of the synthesized dibenzobipheny-
lene molecule (Fig. 3.5f, i). The two naphthalene moieties and the cyclobutadiene core
are clearly resolved.
Even though the structure of the molecule is visible, the aromatic behaviour study
imply the measurement of bond lengths. The direct determination of the bond length
of the cyclobutadiene core is not possible because of the CO tilting at the tip. The
rectangular shape of the molecule leads to asymmetric force gradients of the short
and longitudinal axis which causes the molecular structure to appear larger in the
AFM image in the direction of the short molecular axis compared to long molecular
axis. [8, 204] This prevents a direct analysis of the bond order of the cyclobutadiene
core.
However, the aromaticity or anti-aromaticity affects the bond order of the bonds in
the naphthalene moieties which can be analysed since the lateral force field along the
long molecular axis is almost constant (except an edge effect which causes the bonds
at edges to be longer). Based on the molecular schemes (Fig. 3.5g, h), two criteria are
dKawai, S., Takahashi, K., Ito, S., Pawlak, R., Meier, T., Spijker, P., Canova, F. F., Tracey, J.,
Nozaki, K., Foster, A. S., Meyer, E. Competing Annulene and Radialene Structures in a Single
Anti-Aromatic Molecule Studied by High-Resolution Atomic Force Microscopy ACS Nano 11,
8122 (2017).
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Fig. 3.5: Bond order analysis of the dibenzo[b,h ]biphenylene molecule. a,
cyclobutadiene, b, tetrasubstituted cyclobutadiene, c, biphenylene. d, Chemical struc-
ture of precursor molecule 3,3’-dibromo-2,2’-binaphthalene (DBBN) e, Overview STM
image of dibenzob,hbiphenylene molecules on Ag(111) with yellow arrows indicating Br
atoms, the inset shows a single molecule in the assembly (Vb = −200mV, It = 0.8 pA).
f, AFM image at constant height with CO terminated tip g, Schemes of anti-aromatic
and h, aromatic structures of dibenzo[b,h]biphenylene molecules. i, high-resolution
AFM image and j, corresponding Laplace filtered image for better recognition of the
bonds. The numbers are the measured bond lengths in pm. [129]
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chosen to determine the aromaticity and anti-aromaticity:
1. for anti-aromaticity: C3–C4 (double) < C4–C5 (single)
2. for aromaticity: C1–C2 ≈ C2–C3 and C1–C2/C2–C3 < C3–C4 (single)
The bond order analysis is done with the AFM image shown in Fig. 3.5i. The image
is Laplace filtered for better contrast and the mean values of equivalent bonds are
taken to get rid of anisotropic tip effects (Fig. 3.5j).
For criteria 1, it follows that C3–C4 (146 pm) ≮ C4–C5 (89 pm) which means that
the anti-aromaticity is drastically reduced in the cyclobutadiene core by the fused
naphthalene moieties.
For criteria 2, it follows that C3–C4 (146 pm) > C2–C3 (132 pm) > C1–C2 (118 pm).
Since C1–C2 is shorter than C2–C3 even if the C1–C2 is an edge bond which already
appears elongated, a purely radialene structure is not possible. The annulene struc-
ture has a certain influence in the observed molecular structure which leads to the
shortening of the C1–C2 bond, but the radialene structure is still dominant.
The competition between radialene and annulene structures in the dibenzo-biphenylene
molecule which is synthesized on the surface is reported. AFM imaging with CO termi-
nated tips allows to resolve intramolecular bonds whose lengths can be compared and
correlated to the bond orders. This shows the capability of AFM to study unknown
aromatic structures of single molecules on surfaces.
Sequential transformation of a single molecule The results presented in the next
paragraph have been published in the journal Nature Communications.e [205] Figures
are reproduced with permission from Springer Nature.
The transformation of the structure of a single molecule is investigated on a surface
by choosing a precursor molecule without side groups in contrast to Ullmann-type
coupling reactions where intermolecular bond formation is induced. Here, the used
precursor is a tDBA molecule with included acetylene units which are expected to
promote intramolecular transformation processes (Fig. 3.6b and Sec. 2.4.2).
The molecules are first deposited on a Ag(111) substrate to show the intact molecular
structure resolved by AFM with a CO tip (Fig. 3.6a). To perform the transformation
by on-surface chemical reactions, tDBA is deposited on a Cu(111) substrate kept at
below 150K (Fig. 3.6c). The appearing molecular structures on the surface do not
have the flat shape as the intact tDBA molecules on Ag(111). The molecules exhibit
an elevated dot at the middle corner of the triangular structure. This prevents high-
resolution over the whole molecule in constant height AFM (Fig. 3.6d). DFT leads to
the conclusion that this structure is identified as a biradical molecule (Fig. 3.6g) which
is stabilized by the interaction with the Cu(111) and 1.4 eV more stable than the intact
eKawai, S., Haapasilta, V., Lindner, B. D., Tahara, K., Spijker, P., Buitendijk, J. A., Pawlak,
R., Meier, T., Tobe, Y., Foster, A. S., Meyer, E. Thermal Control of Sequential On-Surface
Transformation of a Hydrocarbon Molecule on a Copper Surface. Nat. Commun. 7, 12711
(2016).
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Fig. 3.6: Sequential transformation of the tDBA molecule. a, Intact tDBA
on Ag(111) (scale bar 500 pm, inset: STM image). b, Chemical structure of tDBA,
c, STM image of tDBA on Cu(111) after deposition on sample kept at 150K with
It = 2 pA, Vb = 200mV (Inset: STM image of a single molecule, It = 1 pA,
Vb = 200mV) d, Biradical first reaction product corresponding to the molecules shown
in c, e, Benzo[a]indeno[2,1–c]fluorene (second reaction product) and f, third reac-
tion product on Cu(111) (scale bars 300 pm) and g-i, their corresponding chemical
structures. j-m, DFT calculated structures of reaction products on Cu(111) with their
adsorption energy. In k and l the structures contain two H atoms more which are
placed on the Cu(111) in j and m (red dots). [205]
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tDBA on Cu(111) substrate (Fig. 3.6k). In Ullmann-type reactions, it was found that
the reaction temperature on Cu(111) is lower than on Ag(111) which indicates the
higher chemical reactivity of the Cu(111) surface. [206] The additional H atoms are
placed on the Cu(111) substrate before the reaction in the calculations (red dots in
Fig. 3.6j, m). In the experiment H atoms are present even in UHV environments.
By annealing the sample at 200◦C a tandem cyclization is induced and a second
reaction product, the benzo[a]indeno[2,1-c]fluorene, is observed (Fig. 3.6e, h). Inter-
estingly, the synthesis of this product, which is a member of the indenofluorenes family,
has never been observed before. [207] Benzo[a]indeno[2,1-c]fluorene is very stable on
the Cu(111) surface which can be seen in the drop of the adsorption energy in DFT by
more than 4 eV compared to the first biradical structure (Fig. 3.6l). During the anneal-
ing step, chain like structures are also formed by C–Cu–C organometallic bonds. [205]
However, these chains also exhibit the same internal molecular structure which means
that no side-products are observed. The number of chains is reduced if the sample is
not kept at room temperature during deposition, but heated up to 200◦C. In this case,
transformed isolated molecules are predominantly obtained which demonstrates that
the formation process is temperature dependent.
In a third reaction process induced by annealing at 400◦C cyclodehydrogenation
occures and a third reaction product is formed (Fig. 3.6f, i). Two hydrogen atoms
are removed and the two bottom benzene rings are connected by a new C–C bond.
Through the new bond formation which is shorter than the distance between the ben-
zene rings of the second reaction product, the molecular structure gets compressed
to a bowl-like shape in the center. This is observed in the frequency shift image by
a darker contrast on the two pentagon and two hexagon rings in the center of the
molecule (Fig. 3.6f). In all isolated molecules on the surface the transformation pro-
cesses of the first and second annealing is observed which demonstrates the controlled
transformation process and the highly selective chemical reaction.
Intramolecular bonds, determining the chemical structures of molecules, are resolved
by AFM with CO terminated tips. The studies of the aromaticity and structural trans-
formation of molecules emphasize the capability of AFM to gain structural information
at the atomic level which can be used to control and observe chemical reactions on
surfaces. The high lateral resolution and force sensitivity of AFM can be combined
with STM measurements that probe electronic states of the sample. Thus, the position
of atoms in molecules or in atomic chains on the surface can be determined by AFM
and the electronic states locally probed by STM.
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3.4 Analysis of electronic states
Majorana bound states The results presented in the next paragraph have been pub-
lished in the journal npj Quantum Information.f [208] Figures are reproduced with
permission from Springer Nature.
STM and AFM allow to study single adatoms on surfaces. [6,209] The results of both
methods can be combined to correlate structure and electronic properties of adsorbates
on surfaces. Here, AFM is used to characterize the structure of monoatomic Fe chains
which is linked to the formation of quantum states investigated by STM. The Fe chains
form a topological superconducting phase and at their edges signatures for Majorana
fermions are observed. [210]
The Majorana fermion is a fermionic particle and its own antiparticle at the same
time. [211] Theory predicted that they can occur as quasi-particle bound states in
solid-state systems. [212, 213] Majorana bound states (MBS) can potentially be used
for the promising field of topological quantum computing and therefore have attracted
a lot of attention in research [210,214–222]. The recipe to create MBS in a solid state
system is to deposit Fe atoms on a superconducting Pb(110) surface. [212, 213] The
Fe atoms build chains with a spin texture (Fig. 3.7a) and due to the presence of the
superconducting Pb(110) surface, they become topological superconductors which is
a new state of mater. These chains exhibit MBS at their extremities which can be
observed as zero bias peaks (ZBP) in STS spectra. [210,212]
To achieve such structures, Fe is deposited by means of the iron evaporator described
in Sec. 2.3.1 on the clean Pb(110) kept at ≈ 400K. The STM image in Fig. 3.7b shows
the formation of Fe chains which are partially covered with Fe clusters in their centers
which is known from literature. [210, 223] By zooming on the ends of the chains,
two different kinds of chain terminations are recognized: one with a small protruding
feature at the end, one without (Fig. 3.7c,d). The small protrusion is about 10 pm in
height. This small height difference suggests that the feature is not originating from a
cluster or deformation. STS spectra at the chain ends reveal a ZBP for the chain with
protrusion (Fig. 3.7e) and no ZBP for the chain without protrusion. The measured
superconducting gap, acquired with a tip in the metallic state, is ∆ = 1.1meV which
is expected by the Bardeen-Cooper-Schrieffer (BCS) theory.
To test the origin of the ZBP a two-dimensional STS map is recorded on the same
chain end at 5K in the superconducting state and at 10K which is above the critical
temperature Tc for superconductivity for lead (Tc = 7.2K). The map of the LDOS
shows drastic differences (Fig. 3.8d). At 5K a ZBP is clearly observed whereas the
signal of the ZBP completely disappears at 10K. The LDOS along the Fe chain is
compared with the theoretical Majorana wavefunction which exhibits an oscillation
pattern. At 5K a clearly distinguishable peak and some smaller oscillations can be
observed, however at 10K the LDOS is flat without any peak or sign of an oscillation
pattern (Fig. 3.8e). This finding demonstrates that the observed protrusion in STM
fPawlak, R., Kisiel, M., Klinovaja, J., Meier, T., Kawai, S., Glatzel, T., Loss, D., Meyer, E. Probing
Atomic Structure and Majorana Wavefunctions in Mono-Atomic Fe Chains on Superconducting
Pb Surface. npj Quantum Information 2, 16035 (2016).
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Fig. 3.7: Fe chains on Pb(110).a, Schematical drawing of the experiment, b, STM
image of self-assembled Fe chains on Pb(110), c,d, STM images of different chain
terminations (It = 100 pA, Vb = 10mV), e, dIt/dVb spectrum with a ZBP performed
at the chain end in c. [208]
and the ZBP in STS is induced by the topological superconductivity of the Fe chain
on the Pb(110) surface which is cancelled at a higher temperature of 10K.
To further investigate the structure of the Fe chain and especially the protrusion at
the extremity, AFM constant height images are recorded (Fig. 3.8c). The AFM image
shows that the chain consists of single Fe atoms which are aligned between the rows of
the Pb(110) substrate. At the chain end, on the last two Fe atoms, a brighter, round-
shaped area with more positive frequency shift is seen (arrow 1 in Fig. 3.8c). Since the
atoms are perfectly aligned with the chain, in contrast to the arrow at position 2, a
chain deformation or corrugation effect can be excluded. The location of the brighter
peculiarity in AFM corresponds to the position of the protrusion in STM where also
the ZBP is observed. The more positive frequency shift at this position implies that
additional repulsive force contributions are acting on the tip. Around this spot a dark
halo of more negative frequency shift is observed. Since the AFM tip is sensitive to
Pauli repulsion if the wavefunctions of the tip and sample atoms start to overlap, the
observed AFM features at the chain end may be related to force contributions coming
from the presence of the MBS. If MBSs are located on both sides of the chains, one
chain end can only host one fermion which could lead to repulsion between tip and
sample following the exclusion principle similar to Pauli repulsion.
These experiments demonstrate that the combination of STM and AFM opens the
way to investigate new states of matter at the atomic level which may be used in the
future to build quantum computers based on topological superconductivity.
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Fig. 3.8: Electronic and structural characterisation of the Fe chain. a, STM
image of the complete chain with a marked white rectangle to indicate the area that
is investigated in the rest of the figure (It = 80 pA, Vb = 11mV, scale bar = 5 nm).
b, STM image (It = 10 pA Vb = −10mV) and c, corresponding AFM image at con-
stant height. Each atom is displayed as brighter protrusion. d, Zero-bias normalised
conductance maps proportional to LDOS. At 5,K a ZBP is clearly observed which dis-
appears at 10K (inset) due to the suppression of superconductivity. e, LDOS profiles
extracted from the LDOS map at 5K and 10K compared to a fit of the theoretical MBS
wavefunction. [208]
3.5 Conclusion
In this chapter, it is shown that molecule-surface interactions as well as inter- and
intramolecular bonds between molecules can be studied on the atomic level using
STM and AFM. On-surface chemical reactions enable the transformation of chemical
structures by cleaving triple bonds or halogen atoms of the molecular compounds.
The aromaticity after structural transformation is investigated by bond-order analysis.
Reaction products that have not been observed in solution chemistry are identified
by AFM. These findings demonstrate that on-surface chemical reactions offer new
possibilities for synthesis since reaction products can be created using surface atoms
as catalysts.
The intermolecular interactions of long alkyl chains which lead to interdigitation
are studied as well as hydrogen bonding between the CO molecule on the tip and
hydrogen atoms of adsorbed molecules. For both experiments, technical challenges
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have to be overcome. To quantify the force induced by hydrogen bonds, a three-
dimensional molecular structure is used. To deposit molecules with long alkyl chains,
the electrospray deposition technique is applied. Thus, intermolecular interactions
known from various systems in nature can be studied in detail on the surface by STM
and AFM.
Furthermore, it is demonstrated that induced cleaving of halogen bonds allows the
controlled formation of covalent links between molecules by intermediate organometal-
lic bond formation. AFM and force spectroscopy are employed to observe the coupling
of molecules to surface atoms and subsequent intermolecular bond formation. This
Ullmann-type on-surface reactions enable the formation of stable molecular networks
from single molecule building blocks in a controlled way. Thus, by understanding
intra- and intermolecular bond formation, structural control is achieved which is a
prerequisite for bottom-up fabrication of molecular electronics.
For the realisation of molecular electronics and machinery, specific properties are
implemented in single molecules. These properties have to be understood within a
molecule on the atomic level. In this chapter, the investigations of atomic wires showing
Majorana bound states and topological superconductivity demonstrate that STM and
AFM allow to combine the characterization of electronic properties with structural
information on the atomic scale. Hence, the combination of STM and AFM is used in
the following to analyze structures and properties of single, isolated molecules.
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Efficient steering of a single molecule
The results presented in this chapter have been published in the journal ACS Nano.a [224]
Figures are reproduced with permission from the American Chemical Society.
As presented in the former chapter, STM and AFM are suitable tools to reveal
structural and electronic information. Beyond imaging and spectroscopy, the tip of the
microscope can be used to manipulate single adsorbates on the surface with atomic
precision. [225–228]
To succeed repeated manipulation of a single molecule, the propulsion and steering
technique has to be reliable, the design of the molecule robust and the surface-molecule
interactions well understood. In this chapter, the tip-induced displacement of a single
molecule on a surface over a distance in the range of hundred times the molecular
lengths is studied. For the molecule manipulation, exclusively the tunneling current
and the bias voltage is used. Mechanical pushing is not applied to move the molecules
since the presented results are in the context of the first international NanoCar Race
which took place in Toulouse, France, in spring 2017. [229, 230] The challenge was to
move molecular vehicles by a STM tip over a well-defined race track on Au(111) by
electrical activation. Mechanical pushing of the molecules was forbidden.
Molecule translation [102–104], rotation [231,232] as well as chemical reactions [233–
236] can be induced by excitation of vibronic modes by inelastic electron tunneling.
However, the directionality of molecular displacements induced by inelastic electron
tunneling has mainly a stochastic character which hinders the controlled movement in a
repeatable manner. To impose directionality, an external electric field in the tunneling
junction [103,237,238] or a suitable molecular design [239] are required. Moreover, the
subtle interplay between molecules and surfaces determines the diffusion properties.
Molecules can diffuse to step edges after adsorption if the diffusion barrier is low or,
in contrast, if there is a strong coupling, molecules stick to their adsorption sites. In
both cases, further controlled movements by tip manipulation become difficult. Thus,
a fundamental understanding of the molecule-surface interactions is crucial to design
aPawlak, R., Meier, T., Renaud, N., Kisiel, M., Hinaut, A., Glatzel, T., Sordes, D., Durand, C.,
Soe, W-H., Baratoff, A., Joachim, C., Housecroft, C. E., Constable, E. C., Meyer, E. Design and
Characterization of an Electrically Powered Single Molecule on Gold. ACS Nano 11, 9930 (2017).
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a molecular vehicle that can be reliably displaced on a surface. [240–242]
4.1 State of the art
The concept of molecular vehicles describes single molecules that can be controllably
displaced on a surface by a STM tip. For such single molecule manipulations, molecules
were used that are equipped with a chassis, four weels and a motor. [14, 243] These
nanocars were driven by wheel-like rotation induced by thermal energy or manipulation
with the tip which differs from sliding or stick-slip motion. Molecules with different
wheel structures were also displaced by a STM tip. [244] Importantly, the conversion
of electric energy from the tunneling current into mechanical motion by the motor of
a nanocar was realized. [15]
Molecular vehicles consisting of molecular structures without wheels were loaded by
a single adatom and their structure could be repaired after accidents by tip manip-
ulation. [241, 242] Translation of individual NH3 molecules was obtained by inelastic
electron tunneling. [102] The influence of non-metallic substrates such as NaCl thin
films on the diffusion of single molecules was also studied. [103, 104] Using the inter-
action of a single molecule with the applied electric field in a STM tunneling junction
enabled the precise positioning of single molecules on metallic substrates. [237]
These achievements highlight the versatility of manipulation and molecular design
to propel molecular vehicles on a surface. Typically, the molecules were moved over
some lattice sites which corresponds to a distance of a few nanometers. However,
manipulations of single molecules over distances of about hundred times the molecular
length (≈ 130 nm for the SND molecule) require a high degree of reliability in order
to be able to perform hundreds of manipulation cycles. The actuation and steering
mechanism has to be studied in detail to reduce the stochastic character of molecular
displacements. Possible obstacles coming from pinning sites on the surface and possible
destructive events such as decomposition due to high currents or jumps to the tip have
to be considered.
4.2 The Swiss Nano Dragster
The 4’-(4-methylphenyl)-2,2’:6’,2”-terpyridine molecule [135], so-called Swiss Nano
Dragster (SND) consists of three pyridine units and a methylphenyl unit linked by
interannular C-C bonds (Fig. 4.1a and Sec. 2.4.6). The molecule has a planar struc-
ture. The terpyridine units build a coordination center because of the lone pairs of
the N atoms which can form coordination bonds with transition metals. [135] This
property is also expected to influence the molecular adsorption on a surface since the
N atoms interact with the metallic substrate.
The molecules are deposited on a clean Au(111) substrate which is defined as the
surface for the NanoCar Race. The front methylphenyl unit weakly physisorbs on
gold by van der Waals interactions [137] which is expected to reduce friction forces
during translation on the gold surface. The Au(111) surface shows a herringbone
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Fig. 4.1: Comparison of the adsorption geometries of single SND molecules
on Au(111). a, Chemical structure of the Swiss Nano Dragster (SND) molecule, 4’-
(4-methylphenyl)-2,2’:6’,2”-terpyridine. b, STM overview of the adsorbed molecules
on Au(111). The molecules first adsorb at specific elbows of the herringbone structure
denoted ”X” and then along the valleys of the fcc/hcp reconstruction, (It = 2 pA,
Vb = 150mV). The dashed lines represent the racetrack defined for the NanoCar Race.
c, STM image of the molecule at the valley and d, the corresponding AFM image. e,
STM image of the molecule at the X elbow and f, the corresponding AFM image. g,
STM topographic image of an Au coordination complex and h, the corresponding AFM
image. Scale bars are 0.5 nm. [224]
reconstruction because of alternating face-centered-cubic (fcc) and hexagonal-close-
packed (hcp) regions. This leads to valleys, ridges and elbows on the surface. There
are two different kinds of elbows which are denoted X and Y elbow (Fig. 4.1b). At
the elbow sites adsorption pecularities of atoms and molecules occur which has to be
considered for molecule manipulation. [245,246] Depending on the adsorption site in the
fcc/hcp valley or at elbow sites, the molecules adapt different geometries. Furthermore
for some of the molecules an Au adatom is attached to the terpyridine. The different
structural observations obtained by STM and AFM are explained in the following
sections.
SND adsorbed in the valley The SND molecules adsorb preferentially at the X
elbow sites. By increasing the deposition the X elbows get saturated and molecules in
the fcc/hcp valleys are also observed (dashed circle in Fig. 4.1b). The Y elbow sites
always remain unoccupied. The SND molecule adsorbed in the valley shows a planar
structure in STM and AFM (Fig. 4.1c,d). The terpyridine moiety is clearly identified
in the AFM image. On the other side of the molecule the methylphenyl unit exhibits
a more positive frequency shift, indicating a sticking out of the surface plane leading
to a smaller distance to the tip. This observation is in agreement with the expected
weak physisorption of methylphenyl on gold.
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Fig. 4.2: Adsorption geometry of The SND-Au-SND complex on Au(111).
a, STM topographic image of the SND-Au-SND coordination complex (It = 2 pA,
Vb = 150mV) and b, The corresponding AFM image with a CO-terminated tip. c,
Close-up AFM image of the coordination center revealing the Au-molecules bonding.
The yellow dashed lines symbolizes the coordination bonds expected for such planar
coordination geometry. The bond lengths are b1= 315 pm, b2= 330 pm, b3= 223 pm
and b4= 224 pm. Scale bars are 500 pm. [224]
SND adsorbed at elbows STM images of SND molecules adsorbed on X elbows
do not reveal drastic differences with respect to the valley site (Fig. 4.1e). However,
AFM elucidates that the adsorption at elbows leads to a conformational change of the
molecule (Fig. 4.1f). The peripheral pyridine units show a slight rotation along the
C-C bonds which is different to their flat adsorption in the valley. The conformational
change suggests a variation of the molecule-surface interaction. Since terpyridine can
form coordination complexes with metal atoms, it is assumed that on the elbow sites,
coordination bonds between N atoms and the X elbow sites are formed. The following
description of the SND coordination complex supports this interpretation.
SND as coordination complex SND coordination complexes are spontaneously formed
by interaction with Au adatoms on the surface. In STM a round protrusion attached
to the terpyridine is visible which corresponds to a small dot like feature in AFM
(Fig. 4.1g, h). Since other adsorbates can be excluded in UHV conditions, the feature
is identified as Au adatom available on the Au(111) surface. Interestingly, the rotation
of the peripheral pyridine units is similar to the observation at X elbow sites (Fig. 4.1f).
There, the rotation occurs without showing the presence of an atom as coordination
center. Atoms involved in the complex formation are not always detectable in AFM
since the observation depends on their vertical position with respect to the molecular
plane. [247, 248] At the elbow site, the atoms of the reconstruction are slightly out of
the surface plane. Consequently, the atom is not observed in the AFM scan. In the
case of the complex shown in Fig. 4.1g,h, the atom is adsorbed on the surface, hence
it becomes visible in the AFM image due to the elevated adsorption height.
Furthermore, SND-Au-SND complexes are also observed on the surface (Fig. 4.2).
The terpyridine units are rather flat as seen in the AFM image in Fig. 4.2b which
could be attributed to the increase of coordination bonds from three for the SND-Au
case to four for the SND-Au-SND complex. One terpyridine unit is adsorbed slightly
further away from the surface compared to the other which is indicated by the more
positive frequency shift. This height difference is also reflected in the measurement
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Fig. 4.3: Flat-lying molecule vs. Au-SND coordination complex. a, Top and
side views of the adsorption geometry of the molecule at the valley location obtained
by DFT calculations. b, Simulated AFM image from the relaxed structure of a. c,
Projected density of states (blue). d, Top and side views of the absorption geometry at
the Au-molecule coordinate obtained by DFT optimization using VASP. e, Simulated
AFM image revealing the tilting of the pyridine end-groups due to coordination. f,
Projected density of states of the system. In c and f, the contribution of the gold
is shown by the grey shaded areas, carbon by grey lines and nitrogen by blue lines,
respectively. The total PDOS of the molecule is shown as blue and purple shaded area
for the occupied and unoccupied states. [224]
of the bond lengths (b1 to b4) from the AFM image (Fig. 4.2c). The bond lengths
of the slightly lifted terpyridine (b1 and b2) are 315 pm and 330 pm whereas b3 and
b4 show values of 223 pm and 224 pm. A measurement error of ±25 pm is estimated.
The difference of the bond lenghts points out that the Au adatom is placed closer
to the molecule that shows a darker contrast in AFM. The smaller bond lengths of
b3 and b4 are in agreement with values for porphyrin or phthalocyanine macrocycles
(≈ 205 pm and 190 pm), but much larger than for coordination bonds in other studied
complexes. [247, 248] The SND-Au-SND complex forms a square planar geometry in
analogy to porphyrin macrocycles and in contrast to the trigonal pyramidal alignment
in the Au-SND case (Fig. 4.1h).
Electronic character of the SND conformations To better understand the ad-
sorption geometries and electronic properties of single SND molecules and coordina-
tion complexes, DFT calculations on an unreconstructed gold surface are performed.
Fig. 4.3 shows the relaxed structure of the flat-lying SND molecule (Fig. 4.3a) and the
Au-SND complex (Fig. 4.3d). With the relaxed structure from DFT, simulated AFM
images with the probe particle model [249] are obtained (Fig. 4.3b) which correspond
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Fig. 4.4: Vibration modes and electrons-phonon coupling of the ”flat”
molecule. The top images show the vibration modes of the SND molecule structure.
The graphs show the coupling between electrons or holes of energy w with phonons of the
flat SND molecule through LUMO (gray) and HOMO (blue) excitations. The vibration
modes and electron-phonon coupling are obtained by numerical calculations. [224]
to the experimental images (Fig. 4.1d). Note that in the calculations several local
minima are also possible for such flat conformation in terms of position with respect
to the surface lattice.
The projected density of states (PDOS) of the flat conformation with the occupied
and unoccupied molecular states coloured in blue and purple, respectively, are depicted
in Fig. 4.3c. The PDOS of the gold surface is shown in gray. The HOMO is located
at ≈ −1.25 eV and the LUMO at ≈ 0.8 eV which leads to a HOMO-LUMO gap of
2.05 eV.
To test the electronic properties of the SND molecules on the surface, differential
conductance dIt/dVb spectra are recorded (Fig. 4.5a). On the positive range of the
sample bias, a resonance appears at ≈ 1.6V which is attributed to the LUMO of the
molecule. On the negative bias range, a broad resonance with a shoulder at −0.5 eV
is observed which is caused by gold states (Fig. 4.3c). The HOMO of the molecule is
theoretically predicted at energies around −1.25 eV which prevents a direct assignment
in the experimental data because at these energies the gold states mainly contribute
to the dI/dV signal.
The calculated AFM image of the Au-SND complex in Fig. 4.3e shows the rotation
of the pyridine units as observed in the experiment for the Au-SND complex and the
molecules adsorbed at elbow sites (Fig. 4.1f,h). In the experimental AFM image of the
Au-SND complex, the Au adatom is visible indicating that it is adsorbed on the surface
and not part of the surface. In contrast, the Au atom in the simulated image is a surface
atom and slightly below the molecule plane. Thus, the Au atom is not displayed in
the simulated AFM data. However, the conformational change of the molecule from a
flat to a tilted geometry is observed in DFT calculations. Additionally the electronic
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properties are also influenced by the complex formation. In the PDOS in Fig. 4.3f of
the Au-SND complex the LUMO is shifted to the Fermi level and located at ≈ 0.5 eV.
The HOMO remains at its energetic position (≈ −1.25 eV). As a consequence of the
complex formation the HOMO-LUMO gap decreases to ≈ 1.75 eV.
4.3 Manipulation of SND molecules
The structure determination of different molecular geometries and the SND complex
on the Au(111) substrate is a prerequisite to control the displacement of individual
SND molecules over long distances. In this section the actuation by inelastic electron
tunneling and the steering by field-assisted excitation is discussed.
4.3.1 Actuation by inelastic tunneling electrons
Among all reported geometries, the flat conformation is used for single manipulation
experiments because it is expected to have the smallest adhesion. [103,104,231,232,250]
To get insight into the vibrational excitation, the coupling between charge carriers and
vibration modes is investigated by numerical calculations (Fig. 4.4). Vibration modes
can be excited by electrons or holes with energies w in the range of 0 to 0.2 eV which
highlights the possibility to induce molecular motion by the tunneling current with
both polarities.
To investigate the electron-phonon coupling in the experiment, It(Vb) curves above
the molecules are measured and analysed. A typical It(Vb) curve is depicted in Fig. 4.5b.
At the positive and negative bias range jumps of the current are observed. At ≈ −0.5V
the current increases abruptly in the forward curve (black line) and stays at higher val-
ues during the backward sweep (red line). This indicates a movement of the molecule
towards the tip position. At ≈ 0.5V the current jumps to 0 pA and remains zero mean-
ing that the molecule moves away from the tip position. Consequently, there are two
modes of excitation: an attractive mode for negative sample voltages ≤ −500mV and
a repulsive mode for positive sample voltages ≥ 500mV. The experimentally observed
threshold voltage for molecular displacements of ±500mV is higher than the calcu-
lated excitation energy for vibronic modes (Fig. 4.4). However, these vibronic modes
might still be inelastically excited by indirect tunneling processes at higher voltages.
Interestingly, the direction of displacement depends on the polarity of the applied bias
voltage which points out that the electric field may couple to the excited vibration
modes of the molecule in analogy to reference [237].
4.3.2 Steering by field-assisted excitation
Experimentally, it is observed that the It(Vb) curves at positive bias voltages always
lead to repulsion of the SND molecules (Fig. 4.5c) and at negative bias voltages result
in attraction (Fig. 4.5d). Even if the mean displacement distance per cycle of the
repulsive mode is higher (≈ 2 to 3 nm) than for the attractive mode (≈ 0.6 to 0.8 nm),
the attractive mode has the advantage that the molecule is displaced towards the tip
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Fig. 4.5: Single-molecule displacements induced by inelastic electrons. a,
Experimental differential conductance, dIt/dVb, of the SND molecule at valley position.
b, Current-voltage spectra, It(Vb), obtained at 4.7K with a gold-coated tip showing the
minimum threshold voltages (±500mV) inducing the molecule motion. Depending on
the polarity, the molecule is either repelled (negative tip voltage) or attracted (positive
tip voltage) from the tip position where the pulse is applied. c, STM images showing
controlled translations using the repulsive mode (Vb = 2.0V) and the attractive mode
(Vb = −1.6V), (It = 2 pA, Vb = −150mV). The red and yellow dots refer to the
tip position prior to the excitation at the corresponding voltages. e, Snapshots of an
elaborated manipulation path across ridges and valleys (in blue) using the attractive
mode. [224]
position (Fig. 4.5c,d). Thus, control of the directionality can be achieved since the tip
position determines the final position of the molecule. In contrast, the repulsive mode
causes an arbitrary displacement direction in an angle of 180◦.
To demonstrate the high control of the molecular displacements, a complex manip-
ulation path is realised crossing the herringbone reconstruction and avoiding obstacles
like other molecules (Fig. 4.5e). The total distance of the molecule displacement is
≈ 27 nm performing approximately 45 It(Vb) curves in 90 min. The free mean path of
the molecule displacement is ≈ 0.6 nm and the maximum speed is in a range of 16 to
20 nm/h. The speed is mainly limited by the acquisition time of the STM images (≈ 3
min per image) in-between the bias sweeps since one sweep only takes 1-2 seconds.
Consequently the speed of the SND could be increased by reducing the STM imaging
time, e.g. by reducing the number of pixels, which would, however, also reduce the
quality of the data.
The minimum tunneling current to displace a molecule is It = ±20 pA at voltages
of Vb = ±500V which results in a minimum electrical power of Pelec = Vb × It =
10 pW. [240, 241] Increasing the voltages to values around Vb = 1.8V corresponding
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Fig. 4.6: Destruction of SND molecule vehicle and preparation of the race-
track. a-b, ”Accident” that can occur when using too high excitation power to displace
the SND molecule. Upon trapping at elbows or close to molecule assemblies, the elec-
tronic excitation requires higher voltages. For voltages of ±2.8V, the molecule structure
can be destroyed as revealed in the STM and corresponding AFM image with a CO-
terminated tip (b). c, Successive STM images with a Au-coated tip showing the removal
of surrounding SND molecules from the gold racetrack, (It = 2 pA, Vb = −100mV).
A STM image is acquired at the white rectangle with a smaller tunneling resistance to
wipe away the molecules (It = 250 pA, Vb = −100mV). Some of the molecules do not
move away which suggests a stronger coupling to the surface due tot pinning sites at
elbows or defects. [224]
to the LUMO energy, leads to a higher possibility for a successful manipulation pro-
cess. [237] With these typical parameters the power is in the range of Pelec = 36pW.
If the excitation power is too large, the molecule is destroyed as shown in Fig. 4.6a, b.
The parameters for the destructive manipulation are Vb = ±3V, It = 100 pA. From
this observation, the maximum electrical power the molecule can withstand is deduced
which is less than Pelec,max = 300 pW. Note that this power is not the effective power
needed to excite molecule displacements because the main part of the electrons tunnel
into the substrate without exciting any vibration mode in the molecule. To remove
molecules from the manipulation track, the current for the tunneling setpoint is in-
creased, so that the molecules are wiped away by the tip (Fig. 4.6c). The remaining
molecules are assumed to be stronger coupled to the surface due to pinning sites in-
duced by elbows or defects.
Inelastic excitation of vibronic modes of the molecules do not lead to a directional
motion in principle. As observed in the described manipulation experiments the SND
molecules show a response to the electric field applied in the tunneling junction. To
clarify the response to tip polarity and position, an excitation map with a grid of 25×25
pixels2 is acquired above the molecule (Fig. 4.7a). The intensity of each pixel represents
the number of successful manipulations at this location. In total 200 manipulations
are performed. The blue pixels refer to the attractive mode (Vb = −1.8V) whereas the
red pixels refer to the repulsive mode (Vb = +1.8V). The red pixels are localized at
the coordination center of the terpyridine units which indicates that excitation in the
repulsive mode can only be conducted at a relatively small region. Contrary, the blue
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Fig. 4.7: Comparison between the experimental excitation map And the
charge density difference obtained from DFT calculations. a, Excitation map
of the molecule as a function of the tip position and polarity. The blue and red pixels
refers to positive tip voltages (attractive mode) and negative tip voltages (repulsive
mode) of ± 1.8 V, respectively. b, Modification of the electronic density of the molecule-
surface complex upon adsorption. The red and blue area corresponds to an excess and
lack of electrons, respectively. [224]
pixels are spread over both sides of the molecules which leads to a larger excitation
area for the attractive mode. The red pixels also have less counts than the blue pixels
which highlights that the probability to induce a motion of the molecule is higher in
the attractive mode.
The experimentally obtained excitation map is compared to the DFT calculated
charge density difference map of the SND molecule on Au(111) (Fig. 4.7b). In the
charge density difference map, the regions with electron excess are in red whereas a
lack of electrons is indicated by blue. On the gold surface the molecule has a negative
charge of −0.36 e which results in a charge depletion area in the underlying substrate.
At the terpyridine units’ coordination center electrons accumulate and build a region
of negative charge. Considering this region as a localized point charge, the molecular
motion can be explained by the response of the point charge to the applied electric
field by the tip. If the tip has positive polarity (negative sample bias voltage) the point
charge is attracted and the molecule jumps to the tip position. Negative biased tips
lead to the repulsion of the negative point charge observed by a movement away from
the tip position. It is important to emphasize that the inelastic excitation of vibronic
modes by the tunneling current is mandatory. Positioning the tip relatively far away
from the molecule and applying a high electrical field does not induce a displacement as
observed in the excitation map. At distances further away from the molecule (further
than the mean free path of ≈ 0.6-0.8 nm), no successful manipulation experiment
is reported. Only the combination of electrons inelastically tunneling through the
molecule and exciting vibration modes in addition to the applied electrical field allow
the controlled and reliable molecule displacement. As introduced by Ohara [237], this
way of molecule displacements is called ”field-assisted vibrationally-excited molecular
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motion”.
On the surface spontaneously formed Au-SND complexes are also found as discussed
in Sec. 4.2. The complex has an altered charge distribution which leads to a different
propulsion mechanism. [238] For the two other described adsorption conformations, in
the valley and at the elbow sites, the lateral force needed to mechanically move the
molecule is further investigated in the following section.
4.3.3 Site-dependent lateral force required to move the molecule:
effect of the elbow
To quantify the variation of the diffusion barrier for molecules adsorbed on X el-
bow sites and in valleys, force spectroscopy is performed. [251–254] By applying this
method, the required forces to move the molecules over different adsorption sites can
be extracted from the measured frequency shift as well as the local potential variation
which determines the diffusion properties of the molecules. In Fig. 4.8, ∆f(x) curves
above a molecule on a X elbow and in a valley are depicted. The tip is scanned later-
ally over the molecule and the distance is successively reduced down to a difference of
300 pm with respect to the initial height.
The last ∆f(x) curve which induces a displacement of the molecule is depicted in red.
The molecule is pushed over the surface which leads to a modulation pattern (Fig. 4.8a)
related to the atomic lattice of the surface and typically observed in molecular friction
experiments. [254–256]
The force required to displace the molecule from the elbow and induce the stick-
slip pattern is FX elbowL ≈ −400 pN (Fig. 4.8c). In the valley the molecular motion
starts when pushing with a force of F valleyL ≈ −120 pN (Fig. 4.8f). The force deter-
mination for the valley position is less clear than for the elbow site because of the
less pronounced stick-slip pattern suggesting weaker molecule-substrate interactions.
However, by comparing the traces before the displacement occurs, it can be observed
that repulsive features are already present at higher vertical distances (at x = 2.5 nm).
At the position of the red arrow the gray traces show a ∆f decrease originating from
attractive forces. At this position the tip-sample interaction changes drastically when
displacing the molecule. Hence, it is assumed that this is the onset of the molecular
motion and the force is extracted there. Even if the onset of the movement is lo-
cated at a different lateral position, the force remains in a range between −100 and
−200 pN, thus less negative than at the elbow position. The force spectroscopy curves
reveal a difference in the order of 200 to 300 pN between the elbow and the valley site.
This force variation can be directly related to the structure and electronic state of the
molecules at different adsorption sites analysed in Sec. 4.2.
At the elbow the SND molecule shows the structure of a coordination complex.
The coordination bonds result in higher lateral force values required to move the
molecule. In the valleys the molecular structure is not affected by strong interactions
with the substrate going along with reduced absolute force values for induced molecular
displacements. The diffusion barrier to move the molecule from one atomic site to the
69
Chapter 4. Efficient steering of a single molecule
Fig. 4.8: Lateral force to move the molecule: elbow vs. valley. a, Succes-
sive ∆f(x) traces acquired above a SND to mechanically induce its motion from an
elbow position. b-c, Extracted potential U(x) and lateral forces FL(x) from a. The
displacement occurs at the red arrow in c and f and corresponds to an attractive lateral
force of −400 pN and −120 pN, respectively. d, ∆f(x) traces acquired above a SND
to mechanically induce its motion along the Au(111) valley. e-f, Extracted potential
and lateral forces from d. The motion is obtained at the red arrows and corresponds
to an attractive lateral force of ≈ 170 pN. g, Successive STM images showing how a
curve is realized with the SND molecule (circle) by avoiding the X elbow of the gold
reconstruction, (It = 5 pA, Vb = 150mV). [224]
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Fig. 4.9: Diffusion energy barrier of the flat SND molecule. Energy landscape
for the diffusion along a straight path for two distinct orientation of the molecule on
an unreconstructed gold surface. [224]
next is increased at the X elbow (330meV) compared to the valley (230meV). The
values correspond well to DFT calculated values presented in other studies of organic
molecules on gold. [241,257]
The same magnitude of the potential energy is found in DFT calculations performed
on an unreconstructed Au(111) surface where the SND molecule is displaced for two
different orientations with respect to the surface lattice (Fig. 4.9). Likewise, the pe-
riodicity in the calculated curves (288 pm) is in agreement with the values in the
experimental data corresponding to the Au-Au interatomic distance. The experiments
and combination with the calculations highlight the interaction between the molecules
and the Au(111) surface. The empirical observation that only the molecules in the
valleys can be propelled is explained by the formation of coordination bonds at the X
elbows and, beyond, is quantified by force spectroscopy. The detailed investigations of
the molecular properties interacting with the substrate are mandatory to perform long
distance manipulation experiments. Especially the understanding to avoid X elbow
sites on the manipulation path helped to control the molecule displacements even in
curves of the track created by the herringbone reconstruction (Fig. 4.8g). In combina-
tion with the highly controllable field-assisted vibrationally-excited molecular motion,
the SND molecule can be propelled as a molecular vehicle over distances correspond-
ing to multiple molecular lengths on the gold substrate. The performance of the SND
manipulation was tested in the first NanoCar Race.
4.4 The NanoCar Race
The NanoCar Race was the first international race with molecular vehicles propelled
by a STM tip. It took place in spring 2017 in Toulouse, France. [229, 230, 258, 259]
The aim was to electrically drive specially-designed molecules along a well defined race
track following the herringbone reconstruction of Au(111).
The racetrack is depicted in Fig. 4.1b. Three straight lines, two curves and a total
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Fig. 4.10: The 6 teams (team leaders) participating at the NanoCar Race.
a, team from CEMES Toulouse (Gwe´nae¨l Rapenne), b, team from NIMS Tsukuba
(Waka Nakanishi), c, team from TU Dresden (Francesca Moresco), d, team from
Ohio University (Saw-Wai Hla), e, team from University of Basel (Ernst Meyer), f,
team from University of Graz (Leonhard Grill)/Rice University (James M. Tour). [260]
distance of 100 nm had to be achieved in the shortest time possible. The design of the
molecular vehicle as well as the mechanism of electric propulsion (up to a maximum
bias voltage of ±3V) were open in order to trigger scientific ideas for realising fast
molecular vehicles. The NanoCar Race was held at the CEMES institute in Toulouse
and organized by Christian Joachim, director of research at CEMES. In Toulouse, a
4-probe low temperature STM is mounted, so that each driver of a NanoCar could
use one of the four tips to control the molecule displacement of his/her NanoCar.
This setup allows to drive the NanoCars in parallel on the same Au(111) sample. A
maximum time of 36 hours was given to finish the race track. Consequently, there
were at least two pilotes in order to alternate on the driving seat.
As discussed in the previous sections, reliable molecule manipulation over many lat-
tice sites is a scientific challenge and requires understanding of the molecular actuation,
steering and the molecule-surface interactions. Therefore, the NanoCar Race teams
were interdisciplinary consisting of physicists and chemists working together on the
design, synthesis and driving of the NanoCar. Our team members were Dr. Re´my
Pawlak (1st pilot), Tobias Meier (2nd pilot), Prof. Catherine Housecroft (chemistry)
and Prof. Ernst Meyer (team leader). The other teams coming from all over the world
are presented in Fig. 4.10.
The teams had to qualify for the race and test their NanoCars in the 4-probe STM
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Fig. 4.11: The Racetrack during the NanoCar Race. The track consists of
nine straight lines and nine curves for a length of 133 nm. Each segment (black lines)
is 10 nm long. A total of 6 hours and 30 min was required to complete it using four
molecules and ≈ 250 excitations. Before the race, several molecules were removed from
the track by tip-induced manipulations and parked along the racetrack. (It = 5 pA,
Vb = 250mV). This STM image was recorded at the 4-probe microscope at the CEMES
in Toulouse. [224]
in Toulouse. The trainings in Toulouse to prepare the race were a crucial step to realise
the NanoCar Race. The deposition of 4 different molecules on different areas of the
same sample by taking into account different deposition and annealing temperatures
was technically challenging. Furthermore, for the pilots, the handling of the micro-
scope in Toulouse had to be learnt to propel the molecular vehicles with the same
propulsion technique as in their own STMs. Since there were only 4 tips in the STM
in Toulouse, only 4 teams could drive there (French, Japanese, German and Swiss
team). Two teams participated at the NanoCar Race by remote controlling their own
microscopes located in Ohio, United States, and Graz, Austria, from the ”race office”
in Toulouse. The team from Graz (Austrian-American team) was using an Ag(111)
substrate instead of Au(111) and achieved remarkable results showing a displacement
of 150 nm of their molecular vehicle in 1 hour and 33 minutes. [261] Because of the
complex molecule-surface interaction, especially at the elbow sites on Au(111), a direct
comparison between the manipulation paths on Ag and Au cannot be done.
During the NanoCar Race, we propelled the SND molecule over a distance of 133 nm
on Au(111) in 6 hours and 30 min with more than 250 manipulations steps (Fig. 4.11).
With this performance, we ranked first. The achieved average speed was 20 nm/h.
The main limitation of the driving speed was the number of STM images between the
73
Chapter 4. Efficient steering of a single molecule
manipulations required to follow the complex path and to avoid obstacles like elbow
sites and other molecules. In order to reduce possible interactions with other molecules
on the race track, we removed single molecules from the track prior to the race and
parked them aside in case of accidents. In the case of self-assemblies blocking the track
we reduced the tunneling resistance compared to stable scan conditions to wipe away
the obstacles as shown in Fig. 4.6c recorded in one of the training sessions. In total, we
used 4 molecules during the race because of accidents. The molecule can jump to the
tip, crash into obstacles or be destroyed. In this case it was allowed to take another
molecule, propel it to the last position and continue the race. In the race, we propelled
molecules in the flat geometry (Sec. 4.2) by applying the attractive mode discussed in
(Sec. 4.3).
The SND molecule was the smallest NanoCar consisting of 43 atoms and an atomic
weight of 323.9 u. Typical powers to electrically drive the molecule with the STM tip
were in the order of 100 pW. It follows that the power-to-atomic-weight ratio is approx-
imately 0.3 pW/u. Scaled up, this leads to a power-to-weight ratio of ≈ 1014W/kg.
For comparison a Boeing 747 has a power-to-weight ratio of 1376W/kg, which is many
orders of magnitude less. These values show that the molecular propulsion technique
is highly inefficient since most electrons directly tunnel into the substrate without ac-
tivating a motion. In the future, studies could focus on the increase of this ratio to
improve the long distance manipulations of single molecules by a STM tip.
4.5 Conclusion
In this chapter, the controlled manipulation of a single molecule with a high level of
repeatability is shown. The Swiss Nano Dragster molecule is propelled by a STM tip
over 133 nm during the NanoCar Race performing more than 250 manipulation cycles.
To induce molecular motion, the SND molecules adsorbed in valleys are used which
differ in geometry and electronic properties from the other two coexisting types on the
surface. Vibration modes are inelastically excited by the tunneling electrons which lead
to an actuation of the molecules. The applied electric field allows the efficient steering
of the molecular motion since the negative charge at the terpyridine centers is attracted
or repelled as a function of tip polarity. With the field-assisted vibrationally-excited
motion the SND molecule can be driven along the valleys and also over the ridges
of the herringbone reconstruction on Au(111) with high precision and repeatability.
Force spectroscopy reveals that the diffusion barrier varies by 100meV depending on
the surface location. The force to laterally move the molecule rises by 280 pN for the
conformation at the elbow site where the molecules are pinned compared to the flat
conformation in the valleys which can be propelled.
In summary, these results show the realisation of a molecular vehicle controlled by
a STM tip and the complex interactions between molecules and the reconstructed
Au(111) surface at the atomic scale. Such results particularly underline the impact of
friction and adhesion onto the molecule machine performance. It might also help to
optimize the design of molecular machines, to control adhesion properties or to build
molecular transporters of single-atoms on surfaces.
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Single donor-acceptor molecules
Fused electron donor-acceptor (DA) molecules have the unique property to transfer
charges between the molecular moieties. The intramolecular charge transfer can be
induced by optical excitation. Furthermore, contacting the molecule on both sides
and applying a suitable voltage leads to current rectification due to the electronic
alignment of donor and acceptor. Rectification is experimentally observed by the
break-junction technique [262] and intramolecular charge transfer is measured by op-
tical spectroscopy [144], both carried out in solution. However, on surfaces single DA
molecules can be strongly influenced by the substrate altering the DA character of the
molecules. In this chapter, the question is addressed if the intrinsic DA properties of
tetrathiafulvalene-fused dipyridophenazine (TTF-dppz, Sec. 2.4.8) remain unchanged
on thin insulating NaCl films on Cu(111).
Beyond the study of the electronic properties of DA molecules, their chemical struc-
ture is also analysed. The TTF-dppz molecules have a compact structure which allows
thermal deposition in UHV. However, in applications like organic solar cells, periph-
eral side groups are attached to the core of the DA molecules to promote more effi-
cient coupling between the molecules and the substrate. In the case of the TTF-dye
molecule, alkyl chains and carboxyl groups are bound to the TTF-quinoxaline core
of the molecule (Sec. 2.4.9). Peripheral side groups are thermally fragile and can be
decomposed upon evaporation. In parallel the molecular weight increases by attaching
side groups which leads to higher evaporation temperatures and consequently, possible
fragmentation of the whole molecule during the heating process. Thus, the complexity
of DA molecules, explorable by STM and AFM in UHV, is limited. The electrospray
deposition (ESD) technique allows to deposit more complex molecular structures on
surfaces in the vacuum chamber as shown for the HBC6C12 molecule (Sec. 3.2) which
can be employed to study DA molecules with peripheral side groups.
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Fig. 5.1: STM overview images of NaCl thin films on Cu(111) with TTF-
dppz molecules. a, the Cu(111) substrate is partially covered with NaCl films con-
sisting of 2 or 3 monolayers (Vb = 0.3V, It = 3 pA). TTF-dppz molecules are found on
NaCl and on Cu. b, higher resolution image of a NaCl film with adsorbed TTF-dppz
and CO molecules (Vb = 0.3V, It = 1 pA). Additionally, defects can be recognized.
5.1 Donor-acceptor molecules on thin insulating films
The results presented in this section have been published in the journal ACS Nano.a [145]
Figures are reproduced with permission from the American Chemical Society.
Thin ionic films with a thickness of few monolayers are generally used to decouple
molecules from metallic substrates. Thus, the molecular orbitals as well as the charge
distributions of single molecules become accessible. It was shown, particularly for
DA [94] as well as other molecules [7, 10, 263], that they are similar to the gas-phase
demonstrating decoupling from the metal surface. On metal substrates, the intrinsic
electronic properties of the molecules are altered due to hybridisation of the molecular
orbitals and quenching of their fluorescence due to non-radiative decay mechanisms
linked to the surface. On thin insulating films tunneling currents can be detected
through the thin film from the conducting substrate which is not possible for bulk
insulator surfaces. This allows the application of the STM on thin insulating films on
the one hand. On the other, the small distance between the molecules on the thin film
and the metal substrate can lead to charge transfer from the molecules to the metal
which may prevent the observation of charge states and excitations in some cases.
Relaxations of the ions in the thin film, however, may stabilize the charge state of
adsorbates as shown for charged single atoms. [6, 8, 101] Depending on the charge of
the atom, certain adsorption sites on the thin ionic film are preferred. The alternating
charges of the ionic film may also interact with DA molecules exhibiting regions with
aMeier, T., Pawlak, R., Kawai, S., Geng, Y., Liu, X., Decurtins, S., Hapala, P., Baratoff, A., Liu,
S.-X., Jel´ınek, P., Meyer, E., Glatzel, T. Donor-Acceptor Properties of a Single-Molecule Altered
by On-Surface Complex Formation. ACS Nano 11, 8413 (2017).
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electron excess and depletion.
TTF-dppz molecules are deposited on the Cu(111) sample, partially covered with
NaCl thin films (Sec. 2.3.1), kept in the microscope at 5K following the procedure
described in Sec. 2.3.2. The deposition on the cold substrate is mandatory to prevent
diffusion from the NaCl films to the bare Cu(111) surface which is energetically pre-
ferred. Fig. 5.1a shows that the Cu(111) sample is partially covered with NaCl islands
of the height of two monolayers (ML) which is verified by measuring the height of
the islands with respect to the bare Cu(111) substrate by STM. The islands on the
two ML correspond to the third ML of NaCl. TTF-dppz molecules can be found on
two and three ML of NaCl as well as on the Cu(111) substrate. On NaCl films, the
TTF-dppz molecules are aligned along different directions (Fig. 5.1b) which will be
further analysed in this chapter. Furthermore, single CO molecules become visible as
dark depressions and defects can be recognized as depressions with a brighter halo.
5.1.1 Structure determination by STM and AFM
In order to analyze the conformation of TTF-dppz molecules on the NaCl film, higher
resolved STM topography images are recorded (Fig. 5.2). The molecular structure of
TTF-dppz in STM has a fish-like shape. The comparison with the chemical structure
(Fig. 5.3a) suggests that the larger part of the molecule in STM corresponds to the
dppz part of the molecule. The two molecules, adsorbed next to each other, exhibit
different types of geometries at a closer look. The molecules, that are called bound in
the following, have a distinct height maximum in the center of the molecular structure
(Fig. 5.2b) whereas the other molecules, labelled free, have two local maxima and a
larger width at the assumed position of the dppz (Fig. 5.2c). From the height profiles
along the longitudinal axes of the molecules in STM mode, a height difference between
the molecule’s center and dppz of ∆z = 27pm is found for the bound type whereas for
the free molecule it is only ∆z = 12pm (Fig. 5.2d,e). Interestingly, the two molecules
are adsorbed in an angle of approximately 45◦ with respect to each other which may
indicate a correlation to the underlying NaCl film.
In order to reveal the molecular structure at the atomic level, the molecules are
scanned by AFM with CO terminated tips (Fig. 5.3). [89] The dppz moiety consisting
of the pyridyl rings and the phenazine subunit as well as the TTF moiety with four S
atoms are clearly recognized in the AFM images in Figs. 5.3b, c. The dot in the top left
in the image in Fig. 5.3b corresponds to a single CO molecule that is adsorbed next to
the TTF-dppz molecule and has no further influence on the structure determination of
the molecule. The comparison with the molecular structure (Fig. 5.3a) demonstrates
unambiguously that bound and free molecules are chemically intact on the surface.
However, the observed height differences are also reflected in the AFM measurements.
For the bound molecule in Fig. 5.3b the dppz part of the molecule appears with more
negative frequency shift indicating that the molecule is further away from the tip. The
TTF is closer to the tip which increases the frequency shift signal at this location
leading to a bright contrast. The bright stripe in the middle of the molecule has been
described for S containing molecules in literature. [16] This position coincides with
the topographic maximum in the STM images. Overall, the bound molecule is in a
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Fig. 5.2: Molecular geometries of TTF-dppz on NaCl thin films. a,b,c STM
topography images of TTF-dppz on NaCl(3 ML)/Cu(111) showing the different geome-
tries of the bound and free molecules. (Vb = 0.3V, It = 3 pA) d,e, Height profiles along
the longitudinal axes of the molecules. The scale bars in b,c are 500 pm. [145]
bridge-shape geometry with an elevated center and decreasing sides. In contrast, the
free molecule is flat along the molecular axis (Fig. 5.3c). Furthermore, the molecule
has a slight inclination and one axis of S atoms is rotated.
The probe-particle model of P. Hapala et al. [264] is employed to simulate the exper-
imental AFM data (Figs. 5.3d, e). In this model a probe particle, i.e. a CO molecule,
is attached to a tip by a spring. The probe particle scans over a molecular structure
which is in its relaxed position, previously calculated by DFT simulations. The tip-
sample interactions in the model are extracted to create a simulated AFM image. The
bridge-shape of the bound type as well as the flat, partially inclined geometry of the
free molecule is well reproduced. The rotation of the axis of S atoms is not observed
in the simulated image. This may be related to the fixed molecular structure in the
model which differs to the experiment where the molecule could relax. The experimen-
tally observed ratio of bound to free molecules is approximately 2:1 indicating that the
bound geometry is favoured. [145] Bound and free molecules have identical chemical
structures, but different geometries, suggesting that this difference is induced by the
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Fig. 5.3: Structure determination of TTF-dppz on NaCl(2 ML)/Cu(111).
a, The chemical structure can be compared directly to the measured AFM images of
the bound (b) and free molecule (c). At the top left in the AFM image in b a CO
molecule is adsorbed close to the molecule. d,e Corresponding simulated AFM images
with the probe-particle model [145,264].
adsorption site.
5.1.2 Determination of adsorption sites
The position of the molecules on the NaCl lattice is determined by resolving the under-
lying NaCl lattice by AFM (Fig. 5.4). After scanning the molecule structures, the tip
is approached by approximately 200 pm to image the NaCl film. The CO tip probes
the negatively charged Cl ions which appear as bright protrusions in the AFM im-
ages. [265] Thus, the Cl sites are identified and used to define the adsorption positions
of the molecules. Additionally, based on the experimental data, DFT simulations are
performed to obtain optimized molecular structures and adsorption sites (Fig. 5.5).
The calculated adsorption sites coincide with the measured adsorption positions.
The bound molecules are adsorbed along the apolar axis of NaCl (Fig. 5.5a). The
two N atoms of the pyridyl units are located above a Na+ cation. In the sideview
on the molecular structure (Fig. 5.5b), a lifting up of the Na+ cation as well as a
downwards bending of the dppz unit can be observed. This geometry coincides with
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Fig. 5.4: Adsorption sites of TTF-dppz on NaCl(2 ML)/Cu(111) determined
by AFM. AFM images of molecules and the underlying NaCl film showing the ad-
sorption sites for a, bound, b, free1, c, free2 and d, free3 molecule. The protrusions
in the AFM images of the NaCl lattice are the Cl ions, so that the crossing points of
the grid correspond to their positions. [265] The dark depression in c is assumed to be
a Cl vacancy since the position corresponds to a Cl site.
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Fig. 5.5: Adsorption sites of TTF-dppz on NaCl(2 ML)/Cu(111). a, DFT
simulated adsorption sites of the relaxed molecular structures. b,c, Back- and side
view on the bound and free molecule, respectively, highlighting the lifting up of the
Na+ cation and bending down of the dppz for the bound molecule. d, Decrease of the
adsorption energy for the bound molecule. The DFT simulations are performed by P.
Jelinek and P. Hapala [145]. Atomic radii are used for Na and Cl atoms.
the experimentally revealed bridge-shape of the bound molecules in STM and AFM
(Figs. 5.2, 5.3). It should be emphasized that the Na+ cation is still part of the NaCl
layer and located relatively far away from the tip during AFM scans. Because of this
reason the Na+ cation cannot be seen in the high-resolution AFM images. Approaching
the tip further would lead to uncontrolled manipulation of the molecule or a tip crash.
Several adsorption sites are found for the free molecules (free1, free2, free3). They
have in common their flat geometries (Fig. 5.5c), orientated in a certain angle with
respect to the apolar axis of the bound type. Especially, the two N atoms of the
pyridyl units are not centered above a Na+ cation. The missing adsorption pecularity
above Na+ cations leads to an increase of the adsorption energy of ≈ 200meV of
the free molecules compared to the energies of the bound ones according to the DFT
simulations (Fig. 5.5d). The decrease in energy is in agreement with the experimental
observation that most of the molecules (≈ 70%) are in the bound state. [145]
Free2 and free3 molecules are aligned along the polar Cl− axis which explains the
observed angle of 45◦ between the bound and free molecule in the STM image in
Fig. 5.2a. The S atoms also contribute to the geometrical alignment of the molecules.
The lone pairs of the S atoms prefer to be located above a positively charged Na+
cation. For the bound molecule the two middle S atoms are lying above Cl− anions
which repels the S atoms, so that they stick out of the molecular plane. Experimentally
this is observed in the bright stripe in the AFM frequency shift image (Fig. 5.3b). For
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Fig. 5.6: Electronic states of the TTF-dppz molecules. a,b, STS spectra of
the bound and free molecule, respectively. c-e, Constant current STM images at the
resonances of the bound molecule. f-h, Constant current STM images at the resonances
of the free molecule. The scale bars are 1 nm. [145]
the adsorption site of the free1 molecule corresponding to the AFM image in Fig. 5.3c,
one of the two middle S atoms is also positioned above a Cl− anion. As a consequence
the S atom has a higher adsorption height than the other three S atoms.
Different adsorption geometries of TTF-dppz induced by interactions with the ions
of the NaCl film are found. In the following, the electronic properties of the bound and
free molecules are analyzed.
5.1.3 Electronic properties
To investigate the electronic properties of the molecules on the different adsorption
sites STS spectra are recorded to determine the energetic positions of the molecular
orbitals of the DA molecules (Fig. 5.6). [100] Additionally, the spatial distribution
of the orbitals is examined by measuring STM images at the resonances in the STS
spectra.
The energy of the HOMO for the bound molecule is detected at −2.3V in the STS
spectra (Fig. 5.6a). The topography image at this bias voltage reveals that the HOMO
is located on the donor side of the molecule, i.e. on TTF (Fig. 5.6c). Only a small tail
of the HOMO is visible towards the acceptor side. The measured HOMO distribution
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Fig. 5.7: Force spectroscopy mapping and line scans of TTF-dppz molecules
on NaCl thin films. a,d, ∆f ∗ and corresponding LCPD map of the bound molecule.
A Cu tip is used. b,e, ∆f ∗ and corresponding LCPD map of the free molecule showing
different charge distributions within the molecules. c,f, Line scans over the longitudinal
axes of the two molecules depicted in the inset (and shown in Fig. 5.2a). Exactly the
same Cu tip is used for the line scans to exclude tip artefacts. [145]
is in good agreement with the calculated spatial distribution of the orbital for the
molecule in the gas-phase (Sec. 2.4.8).
At 1V the STS spectra show the onset of a peak, indicating the LUMO. In Fig. 5.6e
two new lobes, compared to the image in the gap (Fig. 5.6d), appear on the nitrogen
positions of the phenazine subunit which points out that the LUMO is partially po-
sitioned on the acceptor. However, a considerable LUMO weight is observed on the
TTF donor side which is not expected in theory (Fig. 2.11) since the molecular orbitals
are supposed to be spatially separated.
In contrast to the bound molecule, the LUMO of the free molecule is centered solely
on the acceptor as predicted in the gas-phase model for DA molecules (Sec. 2.4.8).
The shape of the LUMO of the free molecule differs from bound one. Moreover, the
energetic position of the LUMO onset is at 1.5V which is 0.5V higher than for the
bound molecule. In the negative range of the bias voltage, the HOMO energy of the
free molecule shifts towards the Fermi energy which further reduces the HOMO-LUMO
gap. The different energetic positions of the HOMO and LUMO imply an influence
of the adsorption position on the electronic states of the molecules. The alternating
charges of the ionic thin film may interact with the charge distribution of the DA
molecule.
To study this hypothesis, force spectroscopy is applied to map the LCPD and access
the intramolecular charge distributions of the bound and free molecule as reported for
other molecules in literature. [10, 93, 94, 266] Fig. 5.7 shows ∆f ∗ and LCPD maps as
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well as line scans on single DA molecules.
The ∆f ∗ map of the bound molecule exhibits one region with more negative ∆f ∗ at
the position between the phenazine subunit and the edge of TTF whereas above the
free molecule an elongated decrease of ∆f ∗ can be observed (Fig. 5.7a,b). The most
negative ∆f ∗ value is detected on the dppz side for the free molecule. The ∆f ∗ map
follows the different geometries of the molecules which depend on the adsorption sites.
The bridge-shape as well as the flat geometry are reflected by the evolution of ∆f ∗
over the molecule.
Looking at the LCPD maps reveals drastic differences between the bound and free
molecules (Fig. 5.7d,e). Bound molecules show a negative charge at the position be-
tween the phenazine subunit and the edge of TTF indicated by a more positive LCPD
value. It is located at the same position where the topographic maximum is observed
in AFM and STM images as well as in the DFT simulations (Figs. 5.2, 5.3).
However, for free molecules an even more negative charge is located on the dppz
moiety in addition to the negative charge in the center of the molecule. This observa-
tion highlights that the acceptor of the free molecule is more negatively charged than
the surrounding substrate in contrast to the bound molecule where the acceptor has
the same charge state as the surrounding substrate. Furthermore, the slight decrease
of the LCPD at the TTF position for the free molecule suggests positive charge on the
donor compared to the substrate.
To exclude tip effects, line scans over the two molecules from Fig. 5.2a are scanned
with exactly the same Cu tip (Fig. 5.7c,f). The ∆f ∗ curves have the same features
as the ∆f ∗ maps. The LCPD lines highlight that the negative charge is laterally
shifted within the molecule. Thus, by recording line scans, qualitatively the same ∆f ∗
and LCPD contrast is achieved which excludes tip artefacts in the interpretation of
the observed contrast. Note that the LCPD contrast depends on the tip-sample dis-
tance especially in the close-distance regime with CO terminated tips where repulsive
forces can lead to a complex contrast. [94] In the presented measurements Cu tips
are used which prevents approaching to the close-distance regime because of possible
uncontrolled molecule manipulations. Consequently, the LCPD measurements are per-
formed at a medium distance range where the contrast in LCPD corresponds to the
partial charge distribution of the molecules.
The force spectroscopy measurements in combination with STS and STM demon-
strate that the same molecular species adsorbed on different sites on the NaCl lattice
have different electronic states and charge distributions. Hence, the origin of these
differences has to be searched in the interaction with the underlying NaCl film.
5.1.4 On-surface complex formation of donor-acceptor molecules
The interaction of the TTF-dppz molecules with ions of the NaCl film is explained
by the results of the structural and electronic characterization by STM and AFM.
The dppz part of the bound molecules is located above Na+ cations which induces
the different geometrical alignment and electronic properties. Dppz is a phenantroline
based bidentate ligand which is mainly known to couple with transition metal ions,
such as Fe(II) or Ru(II) [116,147], or to rare earth metal ions (Sec. 5.2). [267,268] The
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Fig. 5.8: Electrostatic potential of the free molecule. a, Hartree-Fock potential
of the TTF-dppz molecule on the adsorption site indicated in b on 2 ML NaCl on
Cu(111). On the pyridyl units, negative charge is accumulated due to the lone pairs of
the N atoms. [145]
interaction with alkali metal ions is chemically less favoured since the alkali metals
exhibit weaker complexing abilities. [269] Consequently, bidentate bond formation is
usually required for complex formation between ligands and alkali metals.
Following the Hard-Soft-Acid-Base theory oxygen as a hard donor preferentially
coordinates with Na+ which is a hard acid. Although nitrogen is defined as soft
donor, chelate complexes between phenantroline based ligands and Na+ (N-Na-N) are
observed in few studies in literature. [270–272] A chelate complex is characterized by
multiple coordination bonds between ligands of a molecule to a single metal ion. For
a molecule with two ligands, a mono- and bidentate bond formation is possible.
Interestingly, Qian et al. found mono- and bidentate complexes, for which they
extracted the bond lengths. [272] For the monodentate mode, coordination bonds with
a length between 266 to 273 pm are formed. Bidentate linkage for the chelating NˆN
coordination reduces the bond length to values between 244 to 246 pm. For comparison,
the uncoordinated bond length Na...N is larger than 319 pm. As expected, coordination
of OˆO ligands with Na leads to shorter bonds with a length of 232 pm. [273] From
the DFT model of the TTF-dppz molecule on 2 ML of NaCl (Fig. 5.5b) a bond length
of 263 pm is extracted which is in the range of the bond length for complex formation.
The extracted bond length is slightly less than the length of the monodentate mode
and larger than for the chelate complex. The symmetric alignment of the pyridyl units
above the Na+ indicates a bidentate complex formation. The difference of the bond
length to the literature values for the bidentate mode is presumably induced by the
Na+ cation which is still part of the NaCl lattice in contrast to a free ion.
The adsorption sites of the bound molecules triggers a on-surface chelate complex
formation between the pyridyl units in dppz and the alkali metal ion Na+ of the NaCl
film. The dppz part of the molecules bends down because the lone pairs of the N
atoms of the pyridyl units are attracted by the positively charged Na+ cation and
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form a chelate complex. Thus, charges in the molecules are redistributed. Especially,
the negative charge of the acceptor dppz is transferred towards the Na+ cation. This
reduction of negative charge is observed in the LCPD map and line scan for the bound
molecule (Fig. 5.7d,f). The different electronic state of the molecule is further con-
firmed by STS which shows that the LUMO shifts towards the Fermi level (Fig. 5.6a)
as typically observed for complex formation. [116] Note that the charge state of the
Na+ cation cannot be measured directly since the tip-sample distance is too high to
obtain a contrast in force spectroscopy. Further approaching is excluded due to the
vicinity of the molecule.
The adsorption sites of the free molecules do not induce a binding with Na+ cations.
As a consequence the charge distribution remains as predicted by theory (Fig. 5.8a). In
DFT simulations the TTF-dppz molecule has a partially negative charged acceptor and
positively charged donor as also observed in the corresponding LCPD measurements
for the free molecule (Fig. 5.7e,f). The calculated map of the electrostatic potential
for the bound molecule forming a chelate complex does not change as significantly as
in the experiments.
To further demonstrate the interaction between the adsorption site and the charge
state of the TTF-dppz molecules, manipulation experiments to change the adsorption
site by using inelastic electron tunneling are performed. [103] By sweeping the bias
voltage to a value close to the HOMO or LUMO resonance, vibration modes of the
molecules can be inelastically excited which leads to a switch of the adsorption site.
In Fig. 5.9, first, both molecules are in the bound state which is deduced by the
STM topography. The tip is placed in the middle of the molecule (indicated by a
black cross). After a bias sweep to 2.5V the molecule switches the adsorption site
induced by inelastic electron tunneling. It is rotated by approximately 45◦ and the
topographical shape changes. By switching the molecules the presence of defects at the
previous adsorption site could be excluded. The AFM image reveals the flat geometry
and the tilting of the S axis of the donor as described for the free molecules (Sec. 5.1.1).
In contrast, the other molecule shows the typical bridge-shape geometry of the bound
type. Since the adsorption site along the apolar axis is preferred, a small perturbation
of the free molecule by scanning with the tip or sweeping the bias voltage is sufficient
to switch it to the bound state. Hence, the switching in the opposite direction, meaning
from free to bound, is also possible. Thus, the chelate complex formation of Na+-TTF-
dppz and, thereby, the charge state of a single DA molecule on the NaCl film can be
controllably reversed by changing the adsorption site by tip manipulation.
In the following, tip manipulation is used to controllably attach a single adatom to
the DA molecule.
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Fig. 5.9: Switching between bound and free state of the molecule of the
TTF-dppz molecule. a, STM image of two bound molecules before performing a
bias sweep to 2.5V on the position indicated by the black cross. b, STM image after
bias sweep. The first molecule is rotated and show the features of a free molecule.
(Vb = 0.5V, It = 200 fA) c, AFM image of both molecules shown in b highlighting the
flat and the bridge-shape geometry of the free and bound molecules, respectively. All
scale bars are 1 nm.
5.2 Manipulated complex formation
The dppz moiety of the fused DA molecule TTF-dppz has a metal-chelating character
which leads to on-surface complex formation on NaCl thin films. In general, the coordi-
nation to transition metals such as Fe is used to create metal-ligand charge transfer in
addition to the intramolecular charge transfer. [116, 147] Thus, new absorption bands
are formed which broadens the spectral range of absorbable light. This is beneficial
for charge separating systems [147,274] or photoredox switches [275].
Motivated by the on-surface complex formation of TTF-dppz on NaCl and the obser-
vation of spontanously formed SND-Au complexes on Au(111) (Sec. 4.2), experiments
are performed to bring a single Fe atom to the metal-chelating dppz site of the DA
molecule to form a coordination complex by tip manipulation. Ideally, the coordina-
tion complex is decoupled from a metal by a NaCl thin film to study the electronic
87
Chapter 5. Single donor-acceptor molecules
properties. However, on NaCl thin films, the manipulated complex formation has to
be performed with free molecules since they are not bound to Na+ cations as the bound
molecules. The free molecules easily rotate and change their adsorption site during
scans which is explained by the energetically favoured adsorption site of the bound
types (Sec. 5.1.2). Moreover, tip changes occur frequently on NaCl which complicates
the manipulation experiments. Therefore, experiments are first performed on Au(111)
to show the feasibility of the manipulated complex formation. Second, complexes are
formed on NaCl thin films.
Manipulated complex formation on Au(111) In this study of principle, TTF-dppz
molecules are deposited on a clean Au(111) substrate. The molecules align preferen-
tially on the elbow sites of the herringbone reconstruction as also observed for the SND
molecules (Sec. 4.2). At higher coverages TTF-dppz molecules are also located in the
valleys (Fig. 5.10a).
Fe atoms are deposited by using the mobile Fe evaporator specially designed for the
deposition on the cold sample (Sec. 2.3.2) to obtain single adatoms. Fe adatoms can be
recognized on the surface as small round shaped protrusions (red arrow in Fig. 5.10a).
Since the controlled displacement of the DA molecule is experimentally more complex
than the Fe manipulation, Fe atoms are moved towards the dppz site. The tip is placed
next to a single Fe atom (red cross in Fig. 5.10c) and the bias voltage is typically swept
down to −2V (Fig. 5.10b). At these voltage values an abrupt current jump occurs in
the It(Vb) curves indicating that the atom is repelled and displaced further away from
the tip.
In Fig. 5.10c, all manipulation steps to displace the Fe adatom to the dppz site are
shown. Between subsequent images, a bias sweep is applied next to the Fe adatom.
After a manipulation step, the Fe atom is placed closer to the molecule, hence it moves
away from the tip position which is used to control the direction of its displacement.
During some of the STM scans the Fe atom is unstable which suggests that it is not
located on its energetically favoured adsorption site. By several bias sweeps the Fe
atom is brought into vicinity of the dppz site of the DA molecule. For the final sweep
the tip polarity is reversed to attract the atom towards the dppz. After this last bias
sweep, the STM signal of the atom and the molecule overlap (Fig. 5.10d) and the
molecule is slightly rotated (last image in Fig. 5.10c).
The shape of the TTF-dppz molecule and the Fe atom are seen with sharper contrast
by imaging with a CO tip (Fig. 5.10e) suggesting that the Fe atom is attached to the
dppz to form a coordination complex. Interestingly, on the TTF side an asymmetric
protrusion of the molecule is observed.
By means of constant height AFM the chemical structure of the molecule and the
connected Fe atom is revealed (Fig. 5.10f). The observed protrusion in the STM image
refers to one of the two inner S atoms of the TTF which is lifted up indicated by a higher
frequency shift value compared to the opposite S atom which appears dark. The dppz
moiety can be unambiguously identified and the Fe atom is symmetrically located at
the position of the N atoms of the pyridyl units indicating the complex formation. The
TTF-dppz-Fe complex has a flat geometry in contrast to the TTF-dppz-Na complex
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Fig. 5.10: Manipulated complex formation of TTF-dppz-Fe on Au(111) a,
Overview STM image of TTF-dppz molecules and Fe adatoms (red arrow) on Au(111)
(Vb = −0.3V, It = 1 pA). Scale bar is 5 nm. b, Recorded It(Vb) curve of a bias sweep
to move a Fe adatom. The current jump indicates the displacement of the adatom.
The It(Vb) curve is stopped after the current jump to avoid further manipulation. c,
STM images of sequences of atom manipulations approaching the Fe adatom to the
molecule (Vb = −0.3V, It = 1 pA). The red cross in the first image indicates the tip
position for manipulation. The scale bar is 2 nm. d, STM image of the TTF-dppz-Fe
complex with a Cu tip and a CO tip (e) (Vb = −0.3V, It = 1 pA). f, Corresponding
AFM image demonstrating the attachment of the Fe atom to the dppz unit. Scale bars
in d-f are 500 pm.
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Fig. 5.11: Measured bond length of DA complex with Fe. a, Locations of the
line profiles taken. b, Profile of line 1 (blue) and line 2 (black) showing the measured
bond length of approximately 0.3 nm.
on the NaCl film. This is attributed to the Fe atom which is adsorbed and lying on the
surface whereas the Na+ is part of the NaCl thin film. The bond length between the N
atoms and the Fe atom are extracted by line profiles of the AFM image (Fig. 5.11a).
The small peak at a position of 1.35 nm in the profile corresponds to the N atom of
the pyridyl unit (Fig. 5.11b). The Fe atom is seen as the peak with the most positive
frequency shift at 1.65 nm in the profile. Consequently, the bond length is approxi-
mately 0.3 nm which is substantially longer than for the TTF-dppz-Na complex where
a length of 0.26 nm is extracted from the DFT model (Sec. 5.1.4). This difference is
presumably caused by the two dimensional alignment of the complex with Fe com-
pared to the more three dimensional geometry of the TTF-dppz-Na+ complex. On a
metal substrate such as Au(111) the molecular orbitals are hybridized with the metal
electrons which prevents the investigation of the electronic properties of the manipu-
lated TTF-dppz-Fe complex on gold. Especially, the coordinated Fe atom cannot be
positively charged (Fe (II)) as observed in coordination complexes in solutions. [116]
Decoupling is required which is achieved on NaCl thin films.
Manipulated complex formation on NaCl thin films The manipulation procedure
on Au(111) is applied to Fe atoms and molecules adsorbed on NaCl films. Thus, decou-
pling of the complexes from the metal substrate is obtained. However, new difficulties
arise on NaCl since manipulation experiments on NaCl often lead to tip changes or
uncontrolled displacements of molecules and ions of the thin film. Furthermore, the
decoupled adatoms are more sensitive to high voltages and tend to jump to the tip.
Additionally, the TTF-dppz molecules are also attracted by the Na+ cations which
results in on-surface coordination and could potentially prevent the coupling to Fe
atoms.
Despite various experimental challenges, TTF-dppz molecules and Fe atoms are
deposited on two monolayers of NaCl on Cu(111). Fig. 5.12a shows a STM image of a
bound and free TTF-dppz molecule as well as a single Fe adatom on NaCl.
Since the bound molecule already builds a coordination complex to the Na+ of the
NaCl thin film, the Fe adatom is displaced towards the dppz side of the free molecule.
For the single atom manipulation on NaCl, the sample bias is swept between 0 and 1.6V
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Fig. 5.12: Manipulated complex formation on NaCl thin film. a, STM image
of free molecule (left), bound molecule (right) and Fe adatom on NaCl thin film (2
ML) on Cu(111) b, Bias sweep to move Fe adatom. The current jump indicates
the displacement of the adatom further away from the tip position. c, Manipulation
path (red line) and positions (red dots) of the Fe adatom during the 26 manipulation
sequences (shown in Fig. 5.13). Between image a and c the adatom is moved from
point 3 to 4. d, STM image showing the TTF-dppz-Fe complex and the bound molecule
on a NaCl thin film. e, Magnified image of the free molecule before complex formation
and f, after complex formation with the manipulated Fe adatom. All images recorded
at Vb = 0.3V, It = 500 fA. Scale bars in a, c, d are 1 nm, scale bars in e and f are
500 pm.
which displaces the adatom away from the tip position (Fig. 5.12b). Interestingly, the
repulsion of the adatom occurs at opposite polarity in comparison with the Au(111)
substrate suggesting a different adatom-surface interaction (Fig. 5.10b). On NaCl,
the Fe adatom easily jumps on the tip which interrupts the manipulation experiment.
Consequently, the tip is set to a distance that only extremely small current values in the
range of few tens of femtoampere are obtained in the bias sweeps to prevent picking
up the adatom. In comparison, on Au(111) the tunneling current for manipulation
reaches values in a range of a few hundred of picoampere pointing out the stronger
coupling to the substrate for Fe adatoms on Au(111) (Fig. 5.10b). In Fig. 5.12b, an
abrupt current change from higher to lower values indicates the displacement of the
adatom at a voltage of around 0.4V.
Fig. 5.12c demonstrates the complex displacement path of 26 single atom manipu-
lations to reach the dppz side of the free molecule. Each red dot of the connected line
corresponds to a position of the Fe adatom after a bias sweep. Repelling the adatom
by applying a suitable bias voltage leads to a limited directionality of the displacement.
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The adatom moves away from the tip, but the angle is uncontrolled. As a consequence
many deviations are necessary to displace the adatom to the molecule resulting in a
complex trajectory.
In Fig. 5.13 all sequences of the 26 manipulations are shown. During one of the
STM scans after a completed manipulation, the target molecule rotates due to the
interaction with the tip and changes its adsorption position (Fig. 5.13r). However,
the molecule remains in the free state because the angle with respect to the bound
molecule is not 0◦ or a multiple of 90◦ which would be the case for an adsorption along
the apolar axis as defined for the bound molecule (Fig. 5.5a).
The shape of the dppz moiety appears different which might be induced by the
different adsorption site or the interaction with a defect or Na+ cation of the thin
film. Additionally, a dark depression is observed next to the dppz moiety which might
indicate the presence of a defect (Fig. 5.13s). Since the single atom manipulation is
focused here, the structural and electronic properties of exactly this molecule are not
further investigated.
For the final bias sweep which connects the adatom and the dppz moiety, the tip
polarity is inverted and a positive voltage is applied to the tip (negative sample bias).
Since the molecule is decoupled from the metal, the charge distribution is unaffected
on the free adsorption site. Hence, a positive tip polarity leads to an attractive force
between the negatively charged acceptor and the tip. By positioning the tip between
the acceptor dppz and the Fe adatom, both can be attracted and thus, be connected
to a TTF-dppz-Fe coordination complex (Fig. 5.12d). The Fe adatom is attached to
the dppz moiety indicated by the different shape and size of the dppz moiety of the
target molecule (Fig. 5.12e, f). In comparison, the bound molecule does not change
at all which excludes any tip effect as reason of the different shape of the former free
molecule.
This experiment highlights that single Fe adatoms can be displaced on a NaCl thin
film and can be connected to the dppz moiety of the DA molecule. Such metal-molecule
complex formation on NaCl induced by tip manipulation can be used to study chemical
and electronic properties of single molecules on surfaces influenced by the coupling of
a single atom.
5.3 Optical excitation
The question whether the spatial separation of the molecular orbitals and the intrinsic
charge distribution of DA molecules are maintained on a surface is addressed in a
previous sections of this chapter (Sec. 5.1). Here, the investigations go beyond the
study of ground state properties by performing the challenging experiment to image
a single adsorbed molecule and probe its properties under illumination. In solution,
TTF-dppz molecules can be optically excited by light of suitable wavelength which
leads to an intramolecular charge transfer between the donor and acceptor. [144]
On a surface, the charge transfer property could be studied on a submolecular
level by investigating TTF-dppz molecules on NaCl films with current and force spec-
troscopy under illumination. The results could be compared to the observed electronic
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Fig. 5.13: Detailed images of manipulated complex formation on NaCl. a-
aa, STM images of all 26 manipulation sequences of the Fe adatom (Vb = 0.3V,
It = 500 fA). In image r the target molecule is moved during the STM scan. The scale
bar is 1 nm.
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Fig. 5.14: Optical setup for laser illumination. Mounting stage with connected
optical fiber from the laser source and the objective to collimate the light. The window
of the UHV chamber enables access to the sample surface.
properties in the ground state on thin NaCl films. It was demonstrated that single
molecules on metals can be investigated by tip-enhanced Raman spectroscopy (TERS)
showing typical vibration spectra. [276] Furthermore, electroluminescence of molecules
adsorbed on NaCl thin films could be detected by exciting the molecule with the
tunneling current. [277, 278] As in the case of TERS, the enhancement of the light
intensity in the tip-sample junction could be beneficial for the optical excitation of
a single molecule and allow to perform current or force spectroscopy of the excited
molecule. Such an experiment is experimentally challenging since it requires stable
operation conditions under illumination. In this section, the results of force spec-
troscopy measurements under illumination on a single DA molecule are shown which
highlights the feasibility of combined force spectroscopy and optical excitation.
5.3.1 Optical setup
To illuminate the tip-sample junction, the beam of a NKT superkontinuum EXW-12
laser i is transferred by an optical fiber towards an objective mounted in front of a
window of the UHV chamber (Fig. 5.14). From this window the sample surface can
be accessed directly. The objective (numerical aperture of 0.10, magnification 4×) is
used to collimate the light and send it to the tip position by adjusting the screws of
the mounting stage.
The center wavelength as well as the bandwidth of the beam of the superkontinuum
laser source can be tuned in a range between 400 and 840 nm with variable intensity.
Since the optical absorption band of TTF-dppz corresponding to the intramolecular
charge transfer between HOMO and LUMO is centered at 540 nm (18500 cm−1) in
CH2Cl2 solution [144], a center wavelength λ of 540 nm with a bandwidth of ±50 nm
is chosen for the laser excitation. Integration of the emission spectrum over this range
of wavelengths yields a power of 315mW for the maximum laser intensity. The used
intensity is 15% of the maximum intensity resulting in a power of 47.25mW. In similar
illumination experiments in other UHV systems in the group, a transmission of 10%
iwww.nktphotonics.com
94
5.3. Optical excitation
Fig. 5.15: STM images in dark and under illumination. STM images of the
same molecule with the same CO tip on NaCl(2 ML)/Cu(111). a, in dark b, under
illumination and c, under illumination after force spectroscopy line scan (Vb = 0.3V,
It = 3 pA). Scale bars are 1 nm.
through gratings, fibres and lenses is achieved. [279] Considering the same transmis-
sion and estimating a spot size of 2mm2 on the sample surface, the power density is
118mW/cm2.
After switching on the laser with these parameters, the temperature rises by ap-
proximately 100mK and remains on that level afterwards. Due to the temperature
increase at the beginning, thermal drift in x-y direction in a range of 2 to 4 nm occurs.
Furthermore, the tip retracts by approximately 5 nm to maintain the STM setpoint.
The microscope stabilizes after 30 to 60 minutes of illumination which is crucial for
scanning single molecules and performing spectroscopy. In Fig. 5.15, STM images of
the same bound molecule, adsorbed on a NaCl film, with the same CO tip in dark
and under illumination are shown. After switching on the illumination and waiting
for temperature stabilization, the shape of the molecule does not change compared to
the dark (Fig. 5.15a,b) indicating stable scanning conditions of tip and sample at this
bias voltage. The illumination could excite HOMO-LUMO transitions which might
lead to a different STM image since it probes the LDOS. However, a change of the
molecular orbital, respectively of the shape of the molecule in STM, is not observed
since the applied voltage of 0.3V is in the HOMO-LUMO gap of the molecules in dark
conditions (Fig. 5.6a). Free molecules cannot be investigated since they move to bound
adsorption sites when the surface is illuminated.
5.3.2 Force spectroscopy under illumination
Upon excitation the dipole moment of the TTF-dppz molecule is expected to change
from 0.9D in the ground state to 5.9D in the excited state as calculated by time depen-
dent DFT. [144] The change of the dipole moment is caused by internal redistribution
of charges due to the intramolecular charge transfer (ICT) which causes electrons to be
transferred from the donor to the acceptor (Fig. 2.11 in Sec. 2.4.8). Since the charge
distribution of the DA molecule can be accessed by measuring the LCPD with force
spectroscopy experiments, as performed in the dark (Fig. 5.7), the charge redistribu-
tion under illumination induced by ICT might be measured by force spectroscopy as
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well.
The radiative decay time of the excited state is in the range of ns which is much
shorter than one oscillation cycle of the tip at a resonance frequency of f0 = 25 kHz
(tosc = 4 · 10−5 s). [144] Consequently, single excitations of the molecule cannot be
observed directly with the used experimental setup. It is assumed that the molecule
can be excited many times during the acquisition of the frequency shift leading to a
change in the measured signal because it is averaged over many excitations compared
to the signal without illumination. Time resolution of the excitation could be achieved
using the pump-probe technique as proposed by Schumacher et al.. [280, 281]
To increase the sensitivity of the tip to the electrostatic field caused by the charge
distribution of the molecule, the tip is terminated with a CO molecule. The charge
distribution of the CO causes a repulsive interaction between the CO probe and elec-
trons of the sample due to the lone pairs of the O atom. [264,282] The metal tip builds
a dipole moment because positive charge is located at the tip apex. Therefore, a metal
tip terminated with a CO is modelled as a sum of the dipole moment of the metal tip
with the charge distribution of the CO molecule. [265] With a CO tip, the tip-sample
interaction is dominated by electrostatic forces at large and medium tip-sample dis-
tances, comparable to molecular dimensions, whereas at close distances the interaction
is governed by Pauli repulsion which leads to tilting of the CO. In conclusion, to probe
electrostatic forces, spectroscopy measurements should be performed in the medium
distance regime to avoid tilting effects of the CO as observed in AFM topography scans
at close distances with repulsive interaction.
First, the LCPD of the molecule with a CO tip is investigated without illumination
by recording line profiles over the longitudinal axis varying the tip-sample distance
(Figs. 5.16a,b). The tip is approached in steps of 20 pm with respect to the initial
height at the STM setpoint (Vb = 300mV, It = 3pA) on the topographic maximum
of the molecule. By reducing the distance, the ∆f ∗ values become more negative
suggesting that the interaction regime is attractive. Only at a position of x = 1.5 nm,
∆f ∗ increases by approaching which might be induced by the S atoms at this position.
At approximately x = 1.8 nm ∆f ∗ reaches its minimum value and the most positive
LCPD is measured (V ∗max, dark = −0.23V). This position is located in the center of the
molecule where the topographic maximum is observed for the bound type (Fig. 5.5b)
as well as the most positive LCPD in the force spectroscopy measurement with a Cu
tip (Fig. 5.7d).
On the dppz side, the LCPD decreases slightly to more negative values. The differ-
ence of the most positive LCPD to the most negative is around 0.15V and increasing
by approaching the tip. The small LCPD difference as well as the decreasing ∆f ∗
values may indicate that the tip is still relatively far away from the molecule, meaning
in a medium distance regime comparable to the molecular dimensions. Similar LCPD
differences in LCPD maps with CO tips remaining in the attractive interaction regime
(negative ∆f ∗ on the molecule) have been measured by Schuler et al.. [94]
The same measurement as in the dark is repeated under illumination (λ = 540 nm
with a bandwidth of ±50 nm) on exactly the same molecule with the same CO tip. The
results are shown in Figs. 5.16c,d. The black curve corresponds to the measurement
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Fig. 5.16: Force spectroscopy under illumination. a, ∆f ∗ and b, LCPD line
scan along the longitudinal axis of a bound molecule with a CO tip in dark at several
tip-sample distances with respect to the STM setpoint at Vb = 0.3V, It = 3 pA. c,d
∆f ∗ and LCPD profile of the same molecule with the same CO tip at a distance of
∆z = −80 pm under illumination (yellow curve). For comparison the line scan at the
same height in dark from a,b is also plotted (dark curve).
in the dark at a ∆z-offset of ∆z = −80 pm. The same ∆z-offset is used to record
the line scan under illumination at 540 nm (yellow line). The ∆f ∗ curve shows more
negative values and a slight lateral shift under illumination. The LCPD values change
dramatically under illumination compared to the dark. The most positive LCPD is
V ∗max, illu = 0.3V and the most negative is V
∗
min, illu = −1.6V resulting in a LCPD
difference of ∆LCPDillu = 1.9V. Importantly, the direction of the LCPD contrast
remains the same. The LCPD of the center of the molecule becomes more positive
and of the dppz more negative with a very sharp transition at around x = 1.8 nm.
The observed LCPD difference is extremely high compared to values from literature
without illumination which are about 500mV recorded on DA molecules with CO
tips [94] or about 700mV between a positively charged Cl vacancy and a Cl− anion of
NaCl recorded with a Cu tip [95].
The measured high LCPD difference under illumination is suspicious and the inter-
pretation has to be done with caution. It is not clear if the high LCPD difference is
induced by a ICT or artefacts. Nevertheless, the presented force spectroscopy mea-
surement with a CO tip under illumination is a first step towards the investigation of
optically induced ICT in single molecules on surfaces. Consequently, the discussion of
this challenging experiment in the following helps to clarify the origin of the observed
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high LCPD difference under illumination which might be used for further experiments.
Distance dependence The tip-sample distance for the force spectroscopy is deter-
mined by the STM setpoint used for atom tracking. After each ∆f(Vb) curve the
topographic maximum of the the molecule is tracked and the height as well as the
x-y values are adjusted to compensate for drift. If the conductance or the topography
of the molecule at the tracking position changes under illumination, the force spec-
troscopy curve will be recorded closer or further away from the molecule compared to
the dark. This offset of the tip-sample distance may explain that the complete ∆f ∗
curve is shifted towards more negative values. On the NaCl film at positions between
x = 0nm to x = 1.1 nm and x = 2.8 nm to x = 4nm as well as on the molecule
(x = 1.2 nm to x = 2.7 nm) the ∆f ∗ values are more negative which indicates that the
tip-sample interaction is more attractive in general under illumination. This might be
caused by a reduced tip-sample distance.
On the molecule, the huge increase of the LCPD difference under illumination could
be induced by such a reduced distance. However, the ∆f ∗ curve remains in the nega-
tive range which excludes a close tip-sample interaction regime where complex LCPD
contrasts occur due to repulsion (hence positive ∆f values) as observed in ref [94]. Ad-
ditionally, at the position x = 1.5 nm where an increase of ∆f ∗ is observed by reducing
the tip-sample distance, the ∆f ∗ value under illumination decreases more (from −3Hz
to −4.8Hz) than the minimum ∆f ∗ value at x = 2nm (−5.6Hz to −5.8Hz) and the
rest of ∆f ∗ curve under illumination. Hence, at this position the ∆f ∗ curve under
illumination resembles more the ∆f ∗ curves in dark at larger tip-sample distances
(e.g. red curve in Fig. 5.16a). In summary, the ∆f ∗ curve does not show repulsive
interaction under illumination and indicates a similar tip-sample distance regime than
in the dark at the same ∆z = −80 pm.
A further indicator for a distance regime under illumination comparable to the dark
is the tunneling current simultaneously recorded in the spectroscopy measurements
(Fig. 5.17). The maximum tunneling current during the bias sweeps under illumination
does not show any deviations from the values in the dark (Fig. 5.17a). If the tip was
closer to the molecule and assuming a constant conductance, the tunneling current
would be higher. In contrast, the current remains constant and even decreases for It,min
(It at Vb,min = −0.5V) values by keeping the same overall features (Fig. 5.17b). Thus,
it can be excluded that single events during the atom tracking, as for example geometric
changes of the molecule, lead to a reduced tip-sample distance and consequently to an
huge increase of the LCPD. If this was the case, the current would also jump to higher
values during the acquisition of the ∆f(Vb) curves. Furthermore, the STM images
recorded under illumination and in dark (Fig. 5.15a,b) show the same contrasts of the
molecule recorded with the same STM setpoint which points out that the tracking
position is spatially stable.
In Figs. 5.17c-e single It(Vb) curves are shown. The curve of the molecule center and
of the dppz correspond to the extreme LCPD values at x = 1.3 nm and x = 1.8 nm.
The curves look similar to the dark in the positive bias range demonstrating that
abrupt current changes do not occur. Interestingly, they differ in the negative range.
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Fig. 5.17: Current vs. voltage under illumination. a, Maximum current and
b, minimum current during the force spectroscopy line scans shown in 5.16c,d in dark
(black) and under illumination (yellow). The current is recorded simultaneously to ∆f .
c, Single It(Vb) curve on NaCl, d, on the molecule center (most positive V
∗) and e,
on dppz (most negative V ∗) in dark (black) and under illumination (yellow).
The current curve under illumination exhibits less negative values as observed in the
plot of It,min. This deviation is systematic and observed on NaCl as well as on the
whole molecule indicating that it is the tunneling junction in total that changes under
illumination at negative sample bias without a specific contribution of the molecule.
The STM setpoint used for atom tracking is Vb = 0.3V, It = 3pA. Since the tracking is
done in the positive bias range, a different conductance at positive sample bias would
be compensated by reducing or increasing the tip-sample distance which might lead
to the observed evolution of the It(Vb) curves differing in the negative range. The
difference in the negative bias range points out that either the conductance changes
for the positive values leading to a different tip height because of the atom tracking
or it changes in the negative range leading to different current values at a comparable
distance. Both effects could also occur in parallel.
The investigations of the tunneling current support the assumption of a conductance
change under illumination that is observed on the molecule and on NaCl. This effect
is not molecule specific. Therefore, the conductance change could also be induced
by a tip change. Indeed, the STM contrast of the molecule after the spectroscopy
measurements looks slightly different to the previous ones (Fig. 5.15). However, the
consequences of a tip change on the tip-sample distance are assumed to be minor since
a drastic change of the distance regime to distances where repulsion occurs is excluded
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by the negative ∆f ∗ values. Abrupt height changes are also not observed which is
highlighted by It values during the whole line scan under illumination which are in a
similar range as in dark.
In summary, based on the experimental observations a similar distance regime for
the force spectroscopy measurement under illumination as in the dark is assumed. To
determine the tip-sample distance, ∆f(z) measurements have to be performed in dark
and under illumination. The distance dependence of the LCPD measurements has
to be further investigated by acquiring ∆f(Vb) curves over a distance range of few
hundred pm to reveal the evolution of the LCPD values as function of z.
Influence from the CO tip A tip change might cause a different electrostatic in-
teraction between tip and sample. Thus, a further explanation for the observed huge
LCPD contrast under illumination may come from an artefact caused by the CO at
the tip apex. Comparing the STM image of the same molecule with the same CO tip
before (Fig. 5.15b) and after (Fig. 5.15c) recording the force spectroscopy line scans
reveals that a slight change occurred during the measurements. The difference of the
molecular topography suggests a slight displacement of the CO at the tip apex caused
during the line scan e.g. when the CO is bend due to repulsive tip-molecule interaction.
In AFM scans the CO at the tip enhances the contrast by bending due to repulsion
which creates sharp lines above locations of high electron density, especially covalent
bonds. [8] The abrupt transition between positive and negative LCPD at x = 1.8 nm
could be induced by flipping of the CO from one side to the other at the maximum of
the molecule. The position at x = 1.8 nm corresponds to the maximum where a bright
stripe is observed in AFM images (Fig. 5.3b). The orientation of the CO at the tip
with respect to the molecule could change by crossing this position which could result
in a different electrostatic interaction. Indeed, the bending of the CO compared to a
Xe tip can be used to extract the electrostatic force of AFM scans on molecules. [283]
However in the case of illumination, it is unclear if the bending of the CO strongly
modifies the LCPD contrast or vice versa if the electrostatic force from the illumi-
nated molecule interacts with the CO which leads to a different orientation at the tip
apex. Again, it has to be emphasized that the observed CO bending in AFM images [8]
used to extract electrostatic forces [283] is obtained in the repulsive interaction regime.
The measured ∆f ∗ values do not indicate such an interaction in the presented force
spectroscopy measurements.
In summary, a change of the orientation or position of the CO on the tip might be
responsible for the abrupt LCPD change at x = 1.8 nm. The influence of the CO tip
could be studied by measuring LCPD maps in dark and under illumination to com-
pare the spatial distribution of the LCPD changes and to reveal possible asymmetries
coming from CO displacements on the tip.
Charging events outside bias sweep range Another issue that has to be taken into
account is the data evaluation outside the bias sweep range. The observed huge LCPD
difference of 1.9V is much higher than the bias sweep range. The most negative LCPD
values lie outside the sweep range of −0.5 to 0.5V, whereas the positive values are
100
5.3. Optical excitation
Fig. 5.18: ∆f(Vb) curves under illumination. Recorded ∆f(Vb) curves on different
positions on the molecule with corresponding parabolic fit. The black dot indicates the
position of the maximum where V ∗ and ∆f ∗ are extracted. The sweep range is from
−0.5V to 0.5V. The maxima of the spectra above dppz lie outside the sweep range, so
that extrapolation is required to obtain the V ∗ and ∆f ∗ values.
inside the sweep range (Fig. 5.18). Parabola maxima at bias voltages lower than −1V
or higher than 1V are hardly detectable on TTF-dppz on two monolayers of NaCl since
the current increases which leads to inelastic excitation and molecular displacements.
The measured ∆(Vb) curves are fitted with a parabola and the values of the max-
imum (V ∗,∆f ∗) are extracted. For all curves with a maximum at less than −0.5V,
extrapolation is required to determine the values of the maximum. Thus, the frequency
shift is not continuously recorded as a function of the bias voltage until the maximum
occurs. A quadratic dependency is assumed for the extrapolation and it cannot be
experimentally shown or theoretically stated with certainty that the ∆f(Vb) curves
evolve in that way outside the sweep range. Especially, charging of the molecules leads
to dips in the ∆f(Vb) curves and transitions between different parabolas. [284–288]
Similar features might be caused under illumination, since a charge transfer is ex-
pected between the molecular moieties due to the short-lived excited state. It cannot
be excluded that these features appear at bias voltages less than −0.5V and such fea-
tures could alter the values of the parabola maximum. However, for the range between
−0.5 to 0.5V dips or transitions between parabolas are not observed. Consequently,
the LCPD values in the center of the molecules rising from V ∗max, dark = −0.23V to
V ∗max, illu = 0.3V can be validated which indicates a tremendous change of the LCPD
of 0.53V on the same position of the molecule. For comparison, the free molecule
shows a difference of 0.5V between the donor and acceptor which are positively and
negatively charged, respectively (Fig. 5.7e).
Charge state of donor and acceptor The observed LCPD difference in the middle
of the molecule might be induced by the illumination since it occurs before the abrupt
jump at x = 1.8 nm and the ∆f(Vb) curves lie entirely in the bias sweep range. The
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LCPD value of V ∗max, illu = 0.3V suggests an increased negative charge at this location
(Fig. 5.16d). It is consistent with the measurements with Cu tips and CO tips in the
dark where the center is also negative for the bound molecule (Figs. 5.7d, 5.16b). On
the extremity of TTF, the LCPD under illumination does not show positive charge
compared to the substrate which is similarly observed with a Cu tip and a CO tip in
the dark. However, on the dppz side, the extrapolated LCPD values decrease down
to −1.6V which points out that the acceptor is positively charged. This is different
to the observations with a Cu tip where the acceptor of the bound molecule is neutral
compared to the substrate (Fig. 5.7d). The decreased LCPD under illumination follows
the trend in the LCPD curve with a CO tip (Fig. 5.16b) where a slight decrease is
seen on the dppz. A more positively charged acceptor is contradictory to the charge
transfer process which leads to the accumulation of electrons in the acceptor, hence
negative charge. However, Schuler et al. also observe decreasing LCPD values on the
acceptor of the bipolar TTF-PYZ2 molecule in dark with a CO tip. [94] This opposing
contrast suggesting positive charge on the acceptor is explained by the influence of the
complex three-dimensional electron distribution leading to a different LCPD contrast
than expected for partial point charges. Furthermore, the bound molecule forms a
chelate complex with a Na+ cation which leads to an altered charge distribution as
observed in force spectroscopy with Cu tips. This might also contribute to the observed
negative LCPD values on the acceptor under illumination. Since the free molecules
change their adsorption sites and become bound molecules, they cannot be investigated
in the performed force spectroscopy experiment under illumination.
Conclusion The LCPD difference between the molecular moieties increases dramat-
ically by shining light at a wavelength of the absorption band of the DA molecule.
The results suggest a high increase of positive charge on the acceptor site and an
increase of negative charge in the center of the molecule. This charge redistribution
might be induced by illumination, but it cannot be separated from other influences
with the presented experimental data. Various factors which are not related to the
intramolecular charge transfer, could contribute to the measured LCPD values such
as varying tip-sample distance, CO displacement at the tip, LCPD contrast formation
or extrapolation of the data. Based on the presented analysis, a reorientation of the
CO tip during the scan might be the major contribution to the high LCPD difference
pointed out by the sharp transition of the LCPD value at x = 1.8 nm in Fig. 5.16d.
The impact of the CO tip and distance dependence on the measured LCPD has to
be further investigated in experiments to state the observation of an intramolecular
charge transfer in a single molecule upon photo excitation.
Potential improvements of the experiments To improve the informational value
of the experiments, the spectroscopy measurements could be repeated with different
wavelengths to verify that the LCPD difference is caused by light absorption corre-
sponding to a S0-S1 transition as theoretically predicted (Sec. 2.4.8). The mentioned
influences on the LCPD measurement might not change by varying the wavelength,
but the intramolecular charge transfer should respond. Hence, the measurement could
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be used to separate the optical excitation of the molecule from other effects.
The distance dependence of the LCPD could be studied by recording ∆f(Vb) spec-
troscopy with variation of z by few hundred of pm on different molecular sites. ∆f(z)
spectroscopy could reveal the tip-sample distance regimes in dark and under illumina-
tion. Thus, the distance regimes could be compared and z-offsets due to conductance
changes could be compensated by adjusting the tip height accordingly. Furthermore,
atom tracking could be done on a elevated or depressed sites on NaCl which are as-
sumed to be unaffected from illumination.
The CO bending at the tip apex could be investigated by recording two-dimensional
LCPDmaps to elucidate possible tip asymmetries or abrupt contrast changes. Distance
dependent measurements with CO tips could reveal an onset of possible bending or
reorientation effects. Furthermore, DFT simulations could estimate the influence of
the CO orientation or bending on the spectroscopy results.
Technical improvements could be done by developing new measurement techniques
combining STM and AFM with optical excitation and detection. Pump-probe ex-
periments where the tip oscillation is coupled to the pulsed excitation of the laser
by a lock-in is opening new possibilities for time resolved measurements of excited
states. [280, 281] Exciting molecules on surfaces by a shining light on the tip-sample
junction comparable to TERS [276,277] and detecting the emitted light in parallel to
frequency shift and current would provide a complete data set to analyse the charge
transfer in DA molecules.
5.4 Complex fused donor-acceptor molecules on
Au(111)
The results presented in this section have been published in the journal Nanoscale.b [179]
Figures are reproduced with permission from the Royal Society of Chemistry.
Complex fused DA molecules consist of a DA core with peripheral side groups.
Side groups can act as anchoring groups to the substrate and are used in solar cell
devices to create stable molecule-surface interfaces and enhance the efficiency. [148,152]
Furthermore, on surfaces, the molecular assembly formation can be controlled by the
interaction between the molecular side groups. By thermal deposition, for example
used for the preparation of samples with TTF-dppz molecules, the peripheral side
groups of complex fused DA molecules likely break which prevents the study of their
chemical structure and alignment on the surface.
The electrospray deposition (ESD) technique is capable of transferring complex
molecular structures from solution onto a surface under vacuum conditions as de-
scribed for the HBC6C12 molecules in Sec. 3.2. Thus, ESD opens the way to study
complex fused DA molecules by STM and AFM. The TTF-dye molecule (Sec. 2.4.9)
bHinaut, A., Meier, T., Pawlak, R., Freund, S., Jo¨hr, R., Glatzel, T., Decurtins, S., Mu¨llen, K.,
Narita, A., Liu, S.-X., Meyer, E. Electrospray Deposition of Structurally Complex Molecules
Revealed by Atomic Force Microscopy. Nanoscale 10, 1337 (2018).
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Fig. 5.19: TTF-dye molecules on Au(111) a, STM overview image showing the
assembling of TTF-dye molecules in small islands (It = 10 pA, Vb = −0.5V, scale bar
10 nm). In some of the islands, fragments are observed after ESD deposition. b, d
STM image of such an island (It = 5 pA, Vb = −0.3V) and corresponding constant
height AFM image with a CO terminated tip (Vb = 0V). c, Model of the arrangement
of the TTF-dye molecules representing the island in image (e) experimentally observed
by STM (It = 5 pA, Vb = −0.3V). f, STM image of the same island at It = 1 pA,
Vb = 1.6V. g, STS spectra of TTF-dye. The tip position is indicated by the cross in
red (TTF moiety), in blue (quinoxaline moiety) and in green (Au(111) substrate) in
the inset. (b-g) the scale bars are 1 nm. [179]
has a TTF based electron donor exhibiting two long alkyl chains. The electron ac-
ceptor moiety consists of quinoxaline where two benzoic acid end groups are attached,
used in applications as anchoring groups. [152] TTF-dye molecules absorb light of a
wide spectral range which leads to one of the highest power conversion efficiencies of
TTF based dyes used in organic solar cells. [148]
5.4.1 Structure determination by STM and AFM
After ESD of TTF-dye molecules, small molecular islands can be found on the Au(111)
surface without annealing of the sample after deposition (Fig. 5.19a). Between the
islands the clean Au(111) substrate with the herringbone reconstruction is observed
which indicates the low amount of contaminations and solvent molecules on the surface.
The islands are formed by three to six molecules which are aligned in a way that always
the same molecular unit faces the center of the island resulting in a symmetric shape
of the island (Fig. 5.19e). In some assemblies molecular fragments are present leading
to the formation of asymmetric islands (Fig. 5.19b). High resolution AFM with CO
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terminated tips at constant height reveals the structural alignment of the molecules
(Fig. 5.19d). The benzoic acids end groups face each other in the center of the islands
whereas the alkyl chains are oriented towards the edges of the islands. The alkyl chains
appear as bright zig-zag structures in the AFM image. The more positive frequency
shift on the alkyl chains compared to the molecular core suggests a smaller tip-sample
distance. Additionally by scanning with the tip, the alkyl chains tend to move which
reflects their high mobility on the Au(111) surface (see stripes in Fig. 5.19f). The flat-
lying core of the TTF-dye molecules, consisting of the TTF and quinoxaline, is clearly
recognized in the AFM image as well as the benzoic acid end groups. The molecules
are chemically intact which demonstrates their successful deposition by electrospray.
5.4.2 Electronic properties of TTF-dye molecules
The electronic properties of the TTF-dye molecules are investigated by STS on dif-
ferent positions on the molecule in comparison to the Au(111) substrate (Fig. 5.19g).
At negative bias range only peaks which coincide with the Au(111) substrate are ob-
served. Hence, a determination of the occupied states of the molecules is not possible
due to the strong contribution of the metal substrate. On the positive bias range, reso-
nances which differ from the Au(111) substrate, are detected at approximately 1V for
quinoxaline and 1.3V for the TTF moiety. These resonances refer to the LUMO of the
molecule. The STM image in Fig. 5.19g at a voltage around the LUMO energy shows
that the molecules appear larger at the position of the TTF moiety. This is contrary
to DFT calculations of the molecule in the gas phase where the LUMO is found to be
centered on the acceptor quinoxaline (Fig. 2.12 in Sec. 2.4.9). [148] Thus, the metallic
substrate influences significantly the electronic states of the TTF-dye which explains
the observed differences to the simulations.
5.4.3 Hydrogen bonding motive of the molecular islands
Using the observations from the AFM image (Fig. 5.19d), the bonding motive of the
molecular islands can be illustrated in a model depicted in Fig. 5.19c. The benzoic
acid groups of the two inner molecules face each other. Each of the benzoic acid
end groups of the inner molecules meet with two other benzoic acid end groups from
two outer molecules. Thus, at two locations in the islands, four benzoic acid end
groups are circularly aligned which reveals the interaction by hydrogen bonds between
the benzoic acid groups. Hydrogen bonds are also responsible for the alignment of
the second benzoic acid groups of the outer molecules towards the N atoms of the
pyrazine. Therefore, the bonding motive of the molecular islands is driven by hydrogen
bonds. Interdigitation of long alkyl chains as observed for the HBC6C12 molecules in
Sec. 3.2 does not contribute significantly to the formation of the molecular islands
which demonstrates that the hydrogen bonding dominates over the van der Waals
bonding for molecules with both, benzoic acid and alkyl end groups. Since the number
of available and accessible binding sites for hydrogen bonds is limited in the islands,
not more than six molecules participate in the formation of symmetric islands.
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5.5 Conclusion
In summary, it was demonstrated that TTF-dppz molecules interact with single Na+
cations of NaCl thin films forming a chelate complex depending on the adsorption
position. Thus, the charge inside the molecule is redistributed which leads to the loss
of the intrinsic DA properties. On different adsorption sites, not favouring the bond
formation between the molecules and a Na+ cation, the electronic states and DA charge
distribution of the molecules is unaffected. By tip manipulation, the adsorption site
of the molecules on the NaCl film can be reversibly changed which induces or prevents
the bond formation. Consequently, single TTF-dppz molecules on NaCl thin films can
be used as molecular switches where the DA properties can be controllably activated
or deactivated.
Furthermore, by displacing single Fe adatoms into the vicinity of the metal chelating
binding site of the DA molecules, TTF-dppz-Fe coordination complexes are formed on
gold as well as on NaCl thin films. These manipulation experiments open the way to
study new optical absorption bands of metal-organic systems and electronic states as
observed in solution chemistry on the level of a single molecule on a surface.
The combination of optical excitation with scanning probe techniques, offering var-
ious imaging and spectroscopic methods, is promising to study the charge transfer in
DA molecules. First results with optical excitation are presented in this chapter which
suggest a non-negligible difference of the measured charge distribution of the DA mol-
ecules under photon irradiation compared to the measurements in the dark. Further
experiments are needed to clarify the origin of the measured charge distribution differ-
ence and to investigate the distance dependence under illumination, the effect of the
CO at the tip apex and of the underlying substrate.
In organic solar cells applications, anchor groups are added to the molecular core to
create stable interfaces and enhance the efficiency. The specially designed DA mole-
cules with anchor groups lead to more complex structures and higher thermal fragility
preventing thermal deposition in UHV conditions. By electrospray deposition, it was
shown that complex DA molecules with peripheral side groups can be successfully
deposited on a surface in vacuum and analyzed by STM and AFM. This broadens
the field of explorable molecules used in chemistry or biology. Beyond DA systems,
DNA strings, large three-dimensional molecules and new chemical reaction sites on
molecular structures might be studied in this way with unravelled lateral resolution.
Electrospray deposition in combination with optical excitation and decoupling from
metal substrates, as shown with the model experiments in this chapter, would allow
to study a variety of processes from nature, such as light-harvesting complexes for
photosynthesis, or from devices, such as synthetically designed dye molecules, on the
level of atoms under well defined conditions.
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To reach the prospects of single-molecule electronics and machinery, electronic char-
acteristics and mechanical motion have to be controlled on the level of an individual
molecule adsorbed on a surface. In this thesis, single molecules are investigated using
STM and AFM which reveals the control of structures, properties and diffusion as well
as their interplay with surfaces.
Control of covalent bond formation between and within molecules is achieved us-
ing on-surface chemical reactions. Molecular structures are controllably transformed
which leads to covalent linking of the molecules or new intramolecular bonds. These
experiments point out the possibility to use the interaction with the surface of single
molecules as trigger for chemical processes which open new possibilities for synthesis
and bottom-up fabrication. [175]
Electronic states caused by topological superconductivity are investigated by STM
which can be linked to the structure of atomic wires revealed by AFM. Force spec-
troscopy allows to quantify the hydrogen bond interaction between a CO tip and hy-
drogen atoms of molecules on the surface. Interdigitation of long alkyl chains caused by
van der Waals interactions is observed by AFM. These findings highlight the capability
of STM and AFM to quantify interaction forces and to resolve chemical properties and
structures on surfaces with atomic resolution.
Tip manipulation is used to controllably displace molecular vehicles. In the first
NanoCar Race a single molecule is propelled and steered over a complex race track of
133 nm. [230] This result demonstrates the high level of repeatability and directional
control of the used molecular manipulation mechanism induced by field-assisted vibra-
tional excitation. [224] From a fundamental point of view, these results show the local
interaction of surfaces on the molecular diffusion properties. The findings might be
used to adapt molecular machines in order to control adhesion and friction on surfaces
and to transform electrical power in molecular motion. [15]
The donor-acceptor properties defining the diode-like characteristics of a specifically
designed molecule are investigated on thin insulating films. The DA molecules interact
with single Na+ cations of the NaCl thin films forming a chelate complex depending
on the adsorption position. Consequently, the negative charge of the acceptor is redis-
tributed which alters the intrinsic DA properties. The DA character of the molecules
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is maintained if they are adsorbed on positions that prevent the interaction with sin-
gle Na+ cations. By tip manipulation the adsorption sites of the molecules can be
reversibly changed which creates a molecular switch since the DA states are turned on
and off. These results reveal the impact of the surface on electronic properties which is
relevant for potential applications of DA molecules as components of electronic circuits
or of organic solar cells.
In organic solar cells applications, side groups are added to the molecular core with
DA character to promote efficient charge transfer to the electrode. Thus, the mole-
cules have a more complex structure which prevents thermal deposition in UHV due
to possible decomposition. By electrospray deposition, complex DA molecules with
peripheral side groups are successfully deposited on a surface in vacuum. The bond-
ing motive of assembly formation triggered by the interaction between the molecular
side groups is revealed by STM and AFM with atomic precision. This result shows
that more complex molecular structures used in chemistry or biology such as DNA
strings or large three-dimensional molecules might be explored with unravelled lateral
resolution of STM and AFM.
Single Fe adatoms are displaced and controllably connected to the metal-chelating
site of DA molecules which induces the formation of a coordination complex. This
manipulation experiment is a prerequisite for tip-induced on-surface reactions leading
to new electronic properties. Different adatoms, e.g. Ru, could be deposited to study
the alignment of electronic states due to complex formation leading to new optical
absorption bands as observed in solutions. [147, 289] Test experiments show the non-
negligible change of the charge distribution of the DA molecule under illumination with
a laser beam. The origin might be an intramolecular charge transfer between donor and
acceptor moiety, however contributions from the CO tip, the tip-sample distance and
wavelength dependence have to be clarified. These results demonstrate the possibility
to connect atoms and molecules on surfaces forming new chemical compounds and
observing their optical properties with the lateral resolution of STM and AFM.
The combination of STM/AFM and optics is a promising approach to study ab-
sorption and emission properties of single molecules on surfaces as well as internal
charge transfer processes with atomic precision and spectral resolution. Recently, sev-
eral methods have been applied to access vibrational modes [276,277], electrolumines-
cence [278,290] or time-resolution of electronic states. [280,291] Combining these novel
techniques with the achieved control of single molecules and atoms by tip manipula-
tion, presented in this thesis, opens up the way to study opto-electronic characteristics
of diode-like molecules as a function of their adsorption sites or coupling to atoms.
The theoretically proposed molecular p-n junction composed of donor and acceptor
parts from Aviram and Ratner triggered the research on molecular electronics more
than 40 years ago. [1] The recent developments in the field of molecular machinery have
opened new routes and refounded these concepts of molecular electronics. [292, 293]
The fields of molecular electronics and machinery mutually benefit from each other
leading to promising new ideas. Electronic components are created by mechanical
switches consisting of single molecular machines which is, for example, realised in a
prototypical memory chip consisting of rotaxane [294] or catenane molecules [295].
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Stoddart, Feringa and Sauvage were awarded with the Nobel Prize in Chemistry in
2016 for such groundbreaking achievements allowing controlled mechanical motions of
molecular systems creating molecule based memory chips [294], pumps [296], shuttles
[297] or motors [298]. Interestingly, some of those molecular systems are based on
the donor-acceptor character of their molecular parts. [297, 299–301] Hence, similar
buildings blocks, as proposed by Aviram and Ratner and orignally envisioned as a p-n
junction, are used in this context as a ”motor” of the nanomachines. This aspect reveals
the interconnections of scientific ideas and fields leading to unforeseeable progress! In
this line of thoughts, the fundamental knowledge acquired from STM/AFM by allowing
to access single molecules on surfaces will continue to contribute to the advent of
molecular electronics and machinery.
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Nomenclature
Symbols
Latin letters
A Amplitude
AH Hamaker constant
b bond length
C(z) Capacitance of plate capacitor
d closest tip-sample distance
dS Surface element of integral
dIt/dVb Differential conductance
E Energy
Eabs Energy of optical absorption at S0-S1 transition
Ebond Bonding energy
ECT Energy of the charge transfer state
EF Fermi energy
EF,tip Fermi energy of the tip
EF,s Fermi energy of the sample
Evac Vacuum level
Eµ Energy of the state Ψµ of the tip
Eν Energy of the state Ψν of the sample
e Elementary charge
F Force
Fchem Chemical force between tip and sample
Felec Electrostatic force
Felec,lr Long-range electrostatic force between tip and sample
Felec,sr Short-range electrostatic force between tip and sample
FL Lateral force
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Nomenclature
FLJ Force of Lennard-Jones potential
Fts Total tip-sample force
FvdW Van der Waals force between tip and sample
f Frequency
f(E) Fermi function
f0 Eigenfrequency
h Planck constant
~ Reduced Planck constant
ISi Current to heat Si plate of the mobile evaporator
It Tunneling current
kc Stiffness of the tuning fork/cantilever
kts Tip-sample stiffness
k∗ Effective spring constant
Mµν Tunneling matrix element between the states Ψµ and Ψν
m Electron mass
m∗ Effective mass
n Positive integer
Pelec Electrical power
pA Pressure in the analysis chamber
pind Induced dipole moment
Q Quality factor
R Radius of curvature of the tip
rtip Position of the tip
S0 Singlet ground state
S1 Singlet excited state
s(t) Vertical motion of the oscillation of the tuning fork
T Temperature
Tc Critical temperature for superconductivity
Tevap Evaporation temperature of molecules
TB,He Boiling temperature of helium
TB,N2 Boiling temperature of nitrogen
t Time
tosc Period of an oscillation cycle of the tuning fork
U Potential
Uattr(z) Attractive interaction potential between two dipoles
Uel Electrostatic potential
Udip(z) Potential energy of a dipole
ULJ Lennard-Jones potential
UMorse Morse potential
Uts Tip-sample potential
UvdW Van der Waals potential
u Substitute of cos(2πf0t)
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Nomenclature
Vb Sample bias voltage
VCPD Voltage compensating the contact potential difference
VESD Applied voltage between capillary and entrance to the chamber for
ESD
VSi Voltage to heat Si plate of the mobile evaporator
V ∗ Bias voltage where the electrostatic force is compensated (voltage at
maximum of ∆f(Vb) parabola)
w Energy of electron or hole to excite phonons
x Coordinate of one horizontal axis in the sample surface plane
y Coordinate of one horizontal axis in the sample surface plane
z Coordinate of the vertical axis between tip and sample
Greek letters
αA polarizability of atom A
αB polarizability of atom B
∆A Amplitude change
∆f Frequency shift
∆f ∗ Frequency shift at the maximum of a ∆f(Vb) parabola (frequency
shift at voltage V ∗
E Electric field
ǫ Absorptivity
ǫ0 Vacuum permittivity
ε Emissivity of a surface
κ Minimum inverse decay length for tunneling electrons
λ Wavelength
ν Frequency of photons
ξ Decay length of Morse potential
ρ(rtip, EF ) Local density of states at the Fermi energy at the tip position
ρtip(EF ) Density of states per unit volume
σ Equilibrium distance
Φ Work function
Φtip Work function of the tip
Φs Work function of the sample
Ψµ State of tip
Ψν State of sample
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Nomenclature
Abbreviations
A chamber Analysis chamber
AFM Atomic force microscopy or atomic force microscope
AM Amplitude-modulation
BCS Bardeen-Cooper-Schrieffer
Ch. Chapter
CT Charge transfer
CTC Charge transfer complex
CPD Contact potential difference
DA Donor-acceptor
DBBN 3,3’-dibromo-2,2’-binaphthalene
DSSC dye sensitized solar cell
ESD Electrospray deposition
Eq. Equation
FIB Focused ion beam
Fig. Figure
FM Frequency-modulation
fcc Face-centered-cubic
HBC6C12 Hexadodecyl-hexa-perihexabenzocoronene
hcp Hexagonal-close-packed
HOMO Highest occupied molecular orbital
ICT Intramolecular charge transfer
I-DNT-VW V-shaped dinaphthothiophene core with two iodine atoms attached
KPFM Kelvin Probe Force Microscopy
LCPD Local contact potential difference
LDOS Local density of states
LUMO Highest unoccupied molecular orbital
LT Low temperature
MBS Majorana bound state
ML Monolayer
P chamber Preparation chamber
PDOS Projected density of stats
RT Room temperature
Sec. Section
SND Swiss Nano Dragster (4’-(4-methylphenyl)-2,2’:6’,2”-terpyridine)
STM Scanning tunneling microscopy or scanning tunneling microscope
STS Scanning tunneling spectroscopy
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Nomenclature
Tab. Table
TERS Tip-enhanced Raman spectroscopy
TFAP Trifluorantheno[3.3.3]propellane
TNP Trinaphtho[3.3.3]propellane
TTF-dye Tetrathiafulvalene-quinoxaline
TTF-dppz Tetrathiafulvalene-fused dipyridophenazine
tDBA Triangular dehydrobenzo[12]annulene
UHV Ultra-high vacuum
vdW Van der Waals
ZBP Zero bias peak
3D Three-dimensional
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